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ABSTRACT
Non-homogeneous plastic deformation associated with metal- 
forming operations results in a state of residual stress in 
the final product. Complete evaluation of the mechanical 
behavior of the product under operating condition requires a 
knowledge of theses stresses. In  order to evaluate the 
magnitude and distribution of residual stresses, existing 
experimental techniques are complemented by computer-aided 
simulation of the forming process using elastic-plastic finite 
element method (FEM). I t  is found that FEM can be effectively 
utilized to simulate metal-forming operations in order to 
determine the combination of process variables which optimizes 
the residual stress distribution in the final product.
In the experimental phase of this study, residual stress 
distribution in Zr-4(R ) and copper tubes is determined by 
electropolishing the outer(or inner) surface of the tubes 
while measuring the developed strains at the inner(or outer) 
surface. Material removal by electropolishing proved to be an 
efficient and suitable technique due to its constant mass 
removal rate w ider conditions which do not alter the pattern 
of residual stresses in the specimen. In  the case of Zr-4(R )
xx
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specimens, experiments were conducted on the as- 
received (stress relieved) as well as specimens annealed at 500 
C for one hour. The effect of various degrees of cold working 
on the residual stress patterns of drawn copper tubing is 
determined by performing similar experiments on soft, 
1/4-hard, 1/2-hard, and hard temper OFHC copper specimens.
In the second phase of this investigation, an elastic- 
plastic finite-element code (ABAQUS) is employed in a 
parametric study to determine the optimum processing 
conditions for drawing copper tubes. Various die/plug angles 
along with different area reductions are considered to 
simulate the drawing process. Comparison of the simulation 
results yields that for a given area reduction, there exists a 
specific combination of die and plug angles which minimizes 
the drawing stress. The results demonstrate that the 
magnitude and distribution of residual stresses are greatly 
influenced by the die and plug angles. I t  is concluded that 
proper selection of theses parameters increases the efficiency 
of the drawing process, enhances the integrity of the final 
product; all resulting in greater productivity and reduction 
in the operating costs.
xxi
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CHAPTER 1
INTRODUCTION
1.1 History of Tube Making
Tube is the ancient word for a hollow cylinder. Some such 
cylinders are known as pipes depending on the value of the 
wall thickness to diameter ratio.
The firs t production of lead pipes is traced back to 
ancient Rome. Lead strips were bent to form a circular column 
with lips that locked into each other and were sealed by 
hammering. Longer pipelines were assembled by inserting short 
pipes end to end, one into another (Figure 1 .1 ). Impurities in 
the lead enabled the pipeline to resist creep and to maintain 
its shape for a long time.
It  has been suggested (1 ,2 ,3 ) that the ancient Egyptians, 
when producing gold wire for ornaments, started from a 
hammered-down strip drawn through a die to form a tube (Figure 
1.2). I t  is speculated that the dies themselves could not be 
made from a material harder than gold, because technology of
1
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FIGURE 1.1 - Assembly of Ancient Lead Pipeline
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FIGURE 1.2 - Tube Drawing in Antiquity
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those days had not yet advanced to an appropriate stage. 
There are, however, enough data today to indicate that gold 
tubing or even wire can be drawn through gold dies. Excessive 
wear, however, must be tolerated.
Development of new technological processes led the way to 
utilizing new materials for tube making. Clay, concrete, 
asbestos, glass, rubber, and plastics form only a partial list 
of tubing materials. Today's metal tubes are made by such 
processes as casting, extrusion, drawing, piercing, rolling, 
bending, and so on (4,5).
The following section is a short description of these 
processes (5). More complete treatment will be given to tube 
drawing since it is the primary focus of this study.
1.2 PROCESS CLASSIFICATION
Several criteria may be used for classification of tubing, 
the most common of which are:
a) Classification by material: Various industrial metals are 
used for tube-making, including steel, aluminum, copper, 
brass, titanium, and so on. Bimetal tubing is made by 
utilizing a combination of materials. For instance, 
chrome-plated low-carbon steel tubing combines the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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strength and low price of iron with the corrosion 
resistance of chrome. Iron tubing clad in stainless 
steel is {mother example of such process.
b) Classification by size and wall thickness, namely, heavy- 
gauge and thin-gauge tubing or large and small diameter 
tubing.
c) Classification by dimensional quality, surface finish, and
material homogeneity; for instance, precision tubing.
d) Classification by use: Tubing may serve for the
transportation of gas, liquid, or even electricity or 
radio signals. Tubing can also serve as structural 
material in either straight or bent form. Tubular 
components exhibit higher moment strength-to-weight ratio 
than solid rods.
e) Classification by production processing: Tubes are made
using various processes. In the next section, a brief
description of each process is presented.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1.3 TUBE MAKING PROCESSES
Although all tube-making processes differ in the manner 
they are carried out, they can all be classified into only a 
few categories on the basis of the type of forces applied to 





In direct-compression processes, the force is applied to 
the surface of the tube, and the metal flows at right angles 
to the direction of compression. The primary examples of this 
type of process are swaging, rotary forging and tube reducing 
by pilgering. Tube drawing , extrusion, and deep drawing fall 
in the category of indirect-compression processes. Although 
the principal applied forces are usually tensile, the indirect 
compressive forces developed by the reaction of the tube with 
the die play an important role in plastic flow of material.
In  tension-type processes, such as stretch forming, metal is 
wrapped to the contour of a die under the application of 
tensile forces. Tube bending can be considered as the chief 
example of the bending processes which involve application of 
bending moments to the tube.
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The following is a brief description of the major tube- 
making processes currently in practice (5 ).
1 .3.1. Roll Forming
A tube with a welded seam can be formed by the continuous 
roll-bending process (Figure 1.3) directly from a strip, 
commonly called "skelp." As skelp is unwound from a coil, it 
is continuously flattened and the front end is trimmed by 
shearing a straight, clean edge to be welded to the trailing 
trimmed end of the preceding strip . Thus, continuously, 
without any slow-down, the strip proceeds toward and through 
the edge trimmer that controls the width and provides a clean 
surface for the eventual welding of the matching sides that 
provides the seal. From the trimmer the strip proceeds 
through a series of stations tooled with rolls that gradually 
bend the strip to transform it  from flat to tubular shape.
The analysis of stresses occurring in strip-rolling can be 
found in references (6-10).
1.3.2 Stretch Rerinninp Mill
The diameter of a tube can be reduced by rolling it  between 
two grooved rolls (Figure 1 .4 ). I t  can be done hot or cold.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 1.4 Sizing by Rolling
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When only a single pair of rolls is used, the wall grooves 
thicken and the tube elongates. This process results in a 
smooth outer surface with the inner surface exhibiting 
irregular dimension and an "orange peel" texture. Large 
reductions in diameter can be obtained by placing several 
stations in tandem. By proper control of the relative speed, 
between each two subsequent stations, the tube between
stations can be put in tension. The higher the tension, the 
thinner the wall thickness of the tube becomes. Thus tandem 
rolling of the tube, continuously at high production rates, is 
a very effective means to reduce the diameter' and wall 
thickness of tubing. The surface quality and dimensional 
control in tube rolling are better than in tube piercing, but 
not as good as in tube drawing. Tube rolling may be an 
intermediate process , introduced after roll forming, bend 
forming, or piercing and followed by tube drawing with a plug 
for better precision.
1.3.3 Bend Forming
Bend forming (Figure 1.5) is usually done at room 
temperature. A plate is firs t trimmed to size. Then the two 
edges that will meet and later be welded together are crimped 
to conform to the radius of the final tube. A press bends the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 1.6 Three-Roll Forming
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plate to a U-shape, after which closed dies press it into 
cylindrical shape. Welding can be performed from the outside 
or from the inside.
The bending can also be produced by three-roll forming as 
shown in Figure 1.6. Here the top intermediate roll may 
rotate back and forth to bend the tube. As the bending 
progresses, the top roll is pressed further down and the 
radius of the bent workpiece decreases.
1.3.4 The Mannesmann Piercing Process
A heated solid rod is driven by a pair of opposing rolls 
(Figure 1 .7 ). The rod is caused to rotate, while a small 
inclination of the axis of symmetry of the rolls to that of 
the rod pushes the rod forward at an incremental rate. The 
rolls also pinch the rod, decreasing its diameter. The 
rotation of the workpiece along with compressive stresses 
exerted by the rolls results in formation of cracks at the 
center of the rod. When the piercing mandrel (sometimes 
equipped with a carbide tip ) stands in the way of the 
advancing workpiece, it  penetrates easily into the rod, thus 
forming the workpiece into a tube.
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FIGURE 1.7 Mannesman!! Piercer
FIGURE 1.8 Rotary Rolling Mill
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
A variation on the two-roll design by Blazynski and Cole 
(11) proposes a three-roll arrangement, with reportedly less 
distortion and higher quality of the product.
1 .3 .5  Rotary and Plug Rolling Mills
The thick wall produced by the Mannesmann piercing process 
can be further sized by rotary and plug rolling processing. 
The rotary rolling operation (Figure 1 .8 )  will increase the 
tube diameter and thin the wall as well. According to 
reference (12), a diameter close to one meter and length of 
fifteen meters, with wall thickness as small as one 
centimeter, can be produced.
The plug-rolling process (Figure 1 .9 )  will retain the
nominal tube diameter or reduce it slightly while reducing the 
tube's wall thickness. Both rotary and plug rolling improve 
dimensional control over the product of the Mannesmann 
piercing mill. Nevertheless, both are hot-forming operations, 
and the product is not round and bent (13) .
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FIGURE 1.9 Plug Rolling Mill
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1.3.6 Tube Extrusion
Tube extrusion can be divided into three distinct processes 
namely conventional extrusion, hydrostatic extrusion and 
Ugine-Sejoumet process.
1 .3 .6 .1  Conventional Extrusion of Tubes
This process is most suitable for short tubes. In  the 
simplest forward extrusion technique, a hollow billet is 
extruded by a mandreled ram (Figure 1.10). • The mandrel may be 
part of the ram or it may be floating in a hole in the ram, or 
undergo forced motion, separately from the ram. To avoid 
having to bore a hole in the initial billet, the mandrel can 
be used to punch the hole first, and then to control the inner 
diameter of the tube. The major disadvantage of this 
technique is that the long mandrel can easily sway and produce 
an eccentric tube with uneven wall thickness.
1 .3 .6 .2  Hydrostatic Extrusion of Tubing
The hydrostatic extrusion process is still basically at its 
experimental stage. However, the capability to produce tubing 
by hydrostatic extrusion has been demonstrated (14). In  this 
technique, the billet contains a hole into which a mandrel is







FIGURE 1.10 Conventional Forward-Extrusion
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inserted before the extrusion starts. This could be in the 
form of a fixed or floating mandrel. A conical die enforces 
convergence on the outside diameter of the b illet, which 
squeezes between the die exit and a cylindrical surface of the 
mandrel. Thinner and longer tubing emerges from the extrusion 
chamber. The motive force to supply the required power is 
applied to the billet through liquid under pressure (Figure 
1.11). The hole in the original billet is made larger than 
the diameter of the mandrel in order to let liquid enter the 
gap. This arrangement is important because without this gap 
the workpiece maybe forced by the liquid under pressure to 
warp the mandrel and adhere to it.
1 .3.6.3 The Ugine-Seioumet Glass Extrusion Process
According to Avitzur (5 ), by World War I I ,  only soft metals 
had been extruded on a large scale. Normally lead was 
extruded at room temperature, aluminum either cold or hot, and 
copper hot. The extrusion of steel was severely limited by 
lubrication problems. Excessive friction along the die wore 
it  out so quickly that a satisfactory extrusion was 
impossible. On the other hand, even moderate friction along 
the chamber wall and mandrel entails considerable increase in 
the required force, so that direct extrusion had to be limited
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 1.11 Hyrostatic Extrusion of Tubing
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to very short billets.
The Ugine-Sejoumet (15,16) process is based on the use of 
a lubricant that is viscous at extrusion temperature and on a 
separation between the lubrication of the chamber wall and 
that of the die. A hollow steel billet is heated to the 
extrusion temperature and then rolled in a powder of glass; 
powder is also sprinkled into the hole. The glass melts and 
forms a thin film, 0.5 to 0.85 mm thick, of viscous material 
coating the internal and lateral surfaces of the billet and 
separating it from the mandrel and chamber • wall respectively 
(Figure 1.12). The relevant coefficient of friction is thus 
so reduced that the force required for the extrusion is 
practically constant throughout the extrusion, whatever the 
length of the billet and with the exception of a starting 
peak.
1.3.7 Tube Spinning
In tube spinning, the mandrel is clamped to a plate and 
rotated by it. The tool holder (Figure 1.13), with the 
rollers pressing against the tube, advances slowly in the 
axial direction as the workpiece rotates under the tool. The 
tool touches the workpiece over a limited area. The pressure 
at contact is high enough to cause local plastic deformation









FIGURE 1.12 Steel-Tube Extrusion by Sejournet
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FIGURE 1.14 Rotary Swaging
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in the zone between roller and mandrel. Gradually the 
deformation region sweeps through an annular zone, advancing 
axially at slow rate, until the entire tube decreases in 
thickness and elongates. Because the contact area is limited, 
total forces are small.
1.3.8 Swaging, and Rotary Forging
The swaging of tubes is performed by mounting the tube over 
a mandrel and feeding the assembljr through the rotating head 
of the swaging machine (Figure 1.14), which activates two or 
more opposing hammers as they are contacted by the rolls. The 
repeated hammering action strikes the tube radially against 
the mandrel, reducing the wall thickness of the tube at any 
one time, the tube advancing through the swager from one end 
to the other to complete the wall reduction. A sophisticated 
development beyond simple swaging is rotary forging (17). In  
rotary forging, the tube is split into four radial components, 
the outer surface of the tube shaping more precisely.
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1.3.9 Tube Reducing bv Pilgering
The most effective, high-production, cold-reducing
operation is performed on the pilger machine (also called the 
"rocker"). In  tube reducing by pilgering, diameterical as 
well as wall-thickness reduction is affected over a mandrel by 
rocking action. The dies (Figure 1.15) roll forward over a 
short length of the tube, then roll back. While rolling back 
the rolls relieve their hold on the tube, and the tube is 
forced a step forward while rotating to a new angular 
position. During the move forward, the shaped groove in the 
rolls firs t presses the tube into contact with the mandrel on 
its conical surface, and then presses harder to reduce both 
wall thickness and diameter farther along on the narrowing 
section of the taper. The rotation and linear transverse 
motion of the rolls are synchronized by a gear. Thus, both 
motions are forced motions. Following smallest taper 
diameter, the mandrel has a cylindrical portion over which the 
rolls iron the tube down to its final size. The taper on the 
mandrel and the shape of the grooved roll match to form the 
shape of the reducing tube.
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FIGURE 1.15 Tube Reducing by Pilgering
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1.3.10 Tube Drawing
Tube drawing is a simple, inexpensive process which 
requires simple and inexpensive tools and little maintanance. 
The tube-making processes described above are often cold- 
finished by drawing. Cold drawing produces closer dimensional 
tolerances, better surface finish, and increases the strength 
of the tube material by strain hardening. Various methods of 
tube drawing are covered in more detail in the next chapter.
This study focuses on two of the tube-making processes 
described above, namely, tube-reducing by pilgering and tube 
drawing. The residual stresses in Zircaloy-4(R) tubes, 
fabricated by pilgering, are measured experimentally using 
Sachs boring-out technique. This technique is also utilized 
to measure the residual stresses in drawn copper tubes having 
different tempers.
In  the second phase of this study, the drawing process is 
simulated using an elastic-plastic finite element program 
(ABAQUS) to investigate the effect of drawing variables (die 
angle, plug angle, and percent reduction) on the drawing 
stress and distribution of residual stresses in the final 
product.




In drawing operations, the metal is forced through a die by 
means of a tensile force applied to the exit side of the die. 
Compression forces arising from the reaction of the metal with 
the die cause most of the plastic flow of the metal. When a 
hollow tube is drawn through a die without any mandrel to 
support the inside of the tube, the process is known as "tube 
sinking." When a mandrel or plug is used to support the 
inside diameter of the tube as it is drawn through a die, the 
process is called "tube drawing."
The tube-making processes described in the preceding 
chapter are often cold-finished by drawing. Cold drawing 
produces closer dimensional tolerances, better surface finish, 
and increases the strength of the tube material by strain 
hardening.
As in most cold-working operations, tube-drawing results in
26
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an increase in strength or hardness and a decrease in 
ductility (Figure 2 .1 ). When cold-working is excessive, the 
tube will fracture before reaching the desired shape and size.
In  order to avoid such failures, tube-drawing operations are 
usually carried out in several passes, with intermediate 
annealing operations to soften the cold-worked tube and 
restore the ductility. This sequence of repeated cold-working 
and annealing is frequently called the "cold-work-anneal 
cycle." The property changes involved in this cycle are 
schematically illustrated in Figure 2.1.
Tubes are customarily produced in different "tempers," 
depending upon the degree of cold reduction following the last 
anneal. The cold-worked condition is refered to as: quarter-
hard, half-hard, three-quarter-hard, full-hard, or spring 
temper. Each temper condition indicates a different 
percentage of cold reduction following the annealing 
treatment. For instance, quarter-hard temper means that the 
wall thickness of the tube is reduced by one gauge number on 
the American or Brown & Sharpe scale. Half-hard, three- 
quarter-hard, and hard tempers refer to reductions by two, 
three, and four gauge numbers respectively. In  terms of 
percent reduction of cross-sectional area, quarter-hard temper 
is equivalent to 10.94% reduction, half-hard to 20.68% 
reduction, three-quarter-hard to 29.38% reduction, and hard to






Per cent cold work Anneoling temperature
Figure 2.1 Typical Variation of Strength and Ductility in the 
Cold-Work Anneal Cycle.
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37.10% reduction in cross-sectional area.
2.1.1 Tube Sinking
When a tube is pulled through a conical converging die to 
decrease its outer diameter without internal tooling (Figure 
2.2 ), the process is called free tube-drawing or "tube 
sinking." It  can be performed on a drawbench to form straight 
tubes of a finite length, or it  can be performed on bull 
blocks, to make a continuous coiled tube.
A survey of the literature on tube-drawing reveales that 
one of the earliest investigations on the subject is by Siebel 
and Weber(18). Theses investigators studied the stress 
distribution and flow patterns in tube drawing. The stresses 
involved in tube sinking have been analyzed by Sachs and 
Baldwin (19,20) on the assumption that the wall thickness 
remains constant. The equation for the drawing stress at the 
die exit is analogous to the equation describing the drawing 
stress in wire drawing. Experiments conducted by Sachs and 
Baldwin (19) confirm the prediction that, for equal reduction, 
die angle, and friction condition, the drawing stress for tube 
sinking is about 10 percent higher than the drawing stress for 
wire drawing. A more complete analysis of tube sinking has 
been made by Swift (21). This analysis considers changes in
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Figure 2.2 Tube Sinking
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wall thickness of the tube, but the complexity of the 
relationships makes it advisable to refer to graphical 
relationships presented in the original paper.
Blazynski and Cole (22) claim that a certain amount of wall 
thickening does take place but does not exceed about 7 
percent. This, combined with considerable shearing of the 
wall at both the entrance to and exit from the die, produces 
redundant deformation, as has been shown by Briggs and Swift 
(23).
Baldwin and Howald (24), conducted experiments to measure 
the changes in wall thickness produced by tube sinking. They 
concluded that changes in wall thickness during tube sinking 
depend on the degree of strain hardening of the metal, the 
reduction per pass, and the ratio of the wall thickness to the 
outside diameter of the tube. For reductions in outside 
diameter up to 40 percent a straight-line relationship is 
obtained between the wall thickness ratio and the reduction in 
the outside diameter.
Avitzur (25,26), utilized an upper-bound approach to 
approximate the pattern of deformation which lead to an 
estimate of the drawing stress. From the drawing stress an 
estimate of the optimal die angle and of maximum possible 
reduction was obtained. Avitzur showed that by the use of
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more complex pattern of deformation, one can predict the 
expected exit wall thickness as a function of independent 
process parameters.
Other attempts have been made to obtain exact and 
approximate solutions to the stresses involved in tube 
sinking. Chung and Swift (27) developed a theory for curved 
dies which were assumed to be composed of sections of 
differing radii of curvature. Finally, More and Wallace (28) 
made theoretical studies of the mechanics of the tube-sinking 
process by considering both materials with and without strain 
hardening characteristics.
2.1.2 Tube Drawing With Mandrel and Plugs
The use of a mandrel improves both inner surface finish and 
dimensional control. The choice of the diameter of the 
mandrel is critical for successful processing. If  the 
diameter of the mandrel is too small, the mandrel will not be 
effective, and if the diameter is too large, the tube will 
tear. The mandrel is often fastened to the end of a 
stationary rod attached to one end of the draw-bench and is 
positioned so that the mandrel is located in the throat of the 
die. The mandrel may have either a cylindrical or tapered 
cross-section. Tube drawing may be accomplished also with a
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moving mandrel, either by pulling a long rod through the die 
with the tube, or by pushing a deep-drawn shell through the 
die with a punch.
The following is a brief description of several designs of 
various mandrels and plugs used in tube drawing operations.
2.1.2.1 Movable Mandrel
A long mandrel of hard metal can be drawn with the tube 
through the die, affecting reduction in both inner and outer 
diameters of the tube and controlling the wall thickness 
through the gap between the die and the mandrel, while causing 
tube elongation (see Figure 2.3). Both emerging tube and 
mandrel move at the same speed, minimizing mandrel-workpiece 
interface friction losses. The removal of the mandrel from 
the product may pose problems. The process is done on a 
drawbench and limited to a finite tube length dictated by the 
equipment.
The analysis of stresses in tube-drawing with a moving 
mandrel was reported by Hoffman and Sachs (29). Their study 
included determination of the average unit drawing stress and 
the theoretical maximum reduction per pass for drawing with a 
moving mandrel. Experimental measurements of the forces





Figure 2.3 Tube Drawing with a Moving Mandrel
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involved in tube drawing, conducted by Espey and Sachs (30), 
provided good agreement with results reported in reference 
(29). Sachs, Luban and Tracy (31) utilized the assumption 
that "mean stresses acting on each cross-section can be 
derived from the equilibrium of longitudinal forces," in order 
to determine the stresses occuring in tube-drawing with a 
moving mandrel.
2.1 .2 .2  Fixed Mandrel
As mentioned earlier, removal of a movable mandrel from the 
product may pose some problems. A fixed mandrel is designed 
to eliminate the problems of removal of the tube from the 
mandrel. As shown in Figure 2.4a, the cylindrical mandrel is
fixed in position, relative to the die, and stationary. 
Friction losses between mandrel and tube are high. A 
variation in the design of fixed mandrel, as shown in Figure 
2.4b, is a tapered mandrel known as conical converging plug. 
The function of the plug is to squeeze the tube during its 
converging flow before it  reaches the exit. The mandrel is 
used to determine proper axial position for the plug. With 
proper design, the tension on the mandrel is minimal or 
nonexistent. While dimensional control and surface finish are 
good, only straight tubes of finite length can be produced.



















Figure 2.4 Fixed Mandrel
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In the field of plug drawing there exists the approximate 
solution due to Hoffman and Sachs (29). Blazynski and Cole 
(32) investigated the agreement between the theory suggested 
by Sachs (29) and the experimental results, and thus were able 
to predict the behavior of the metal when conditions of 
drawing were altered. They concluded that if  the mean yield 
stress of the metal undergoing plastic deformation is 
determined experimentally (33), the die pressure is measured, 
and the mean value of the coefficient of friction is 
determined, the approximate theories due to Sachs will 
encompass strain hardening and will provide a very useful 
practical tool.
2 .1.3 Tube-Drawing With Floating Plugs
As mentioned earlier in Chapter 1, the art of tube sinking 
and tube-drawing is traced back to many years ago. However, 
tube-drawing with floating plugs is quite recent.
The floating plug is a natural extension of the fixed 
mandrel with a conical plug as shown in Figure 2.4b. In  
Figure 2.4a the mandrel, which is clamped in axial position at 
its extreme le ft, is pulled in tension caused by friction drag 
from the deforming tube. In  Figure 2.4b the plug is pulled 
forward by friction drag. The axial component of the pressure
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between the plug and the tube along the conical surface acts 
to oppose the friction drag. The mandrel tension is the 
balance between the friction drag force and the axial 
component of the interface pressure between the plug and the 
tube. The art of the design and use of floating plugs is to 
maintain that delicate balance between the axial component of 
pressure and friction drag which will result in zero total 
axial force and no tension on the mandrel.
The dynamic equilibrium of free-floating plug, which 
oscillates in the metal deformation region, depends primarily 
on the friction. The friction is controlled by the smoothness 
of the contacting surfaces of the material and of the tools, 
the amount and type of the lubricant used and the mechanical 
properties of the material. The dynamic equilibrium and high 
frequency vibration of the plug can be explained as follows 
(Figure 2 .5 ). The friction drag force between the tube and 
the plug will move the plug to the right and towards the die 
throat. In turn, this will reduce the amount of thinning 
required along the portion of the material that lies between 
the plug and the die which will have the effect of reducing 
the value of the friction drag force. The plug would then 
move to the left to its original position and the same process 
continues.








Figure 2.5 Extreme Positions of a Floating Plug
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There are several advantages to the usage of floating plugs 
in tube drawing. Contrary to tube drawing with a mandrel 
which dictates the production of a straight tube of finite 
length, tube-drawing with floating plugs makes it  possible to 
continuously draw long coils at high rates of production with 
a high degree of inner surface control. Furthermore, in tube 
drawing with a mandrel, the front end of each tube is pointed 
to enter freely into the die to be seized by the drawing 
grips. This point is discarded on completion of the draw. 
The shorter the individual tubes, the higher is the percentage 
of wasted material. When a floating plug is used, the 
pointing has to be done only once, and long coils can be made 
on a bull block as in tube sinking.
According to Schneider (34) who derived the optimum 
geometry of the plug and die for tube-drawing on a free plug, 
the most complete description of the basic theory and 
technology of the tube drawing on a free plug may be found in 
the paper by Bisk and Shveykin (35). Early public 
presentations on the concept of floating plugs include 
reference (36) and more work in this area is presented in 
references (37-39).
The most recent study on tube drawing with a floating plug 
is the work done by Hartley (40) who employed the upper-bound
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approach to determine optimal processing variables for 
floating plugs. Bramley and Smith (41) also utilized the 
upper-bound technique to investigate the relative importance 
of the various parameters. Their proposed mode of deformation 
is substantiated by experimental evidence and by comparison of 
theoretical and experimental values of the drawing stress. A 
study of tool angle optimization in rod and tube drawing was 
conducted by Deep et al. (42) who expanded the analysis to 
include the effect of tool optimization on strains and strain 
rates occuring in a tube during its passage through the 
drawing tools.
2.2 Theory
In the field of metal forming, especially in processes 
involving flow through conical converging dies, no attempt has 
been made to obtain an exact solution. The degree of
difficulty of applying exact mathematical methods make
approximations and simplifying assumptions inevitable. There 
are a number of approximate methods, analytical and graphical, 
for treating forming problems. Since the assumptions required 
in approximate solutions may only very generally describe the 
physical behavior of the system, none of the solutions is
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perfect and solutions obtained by different methods will 
generally not lead to identical answers. Furthermore, some 
solutions will give average stresses and strains, whereas 
others give local distribution. I t  is therefore very 
important to select the method that appears to be most likely 
to give a useful answer.
Almost all analytical solutions attempt to derive a
relationship that describes the drawing force as a function of 
reduction, die/plug angle, and friction. Several approaches 
currently used to obtain such a relationship are described 
below.
2.2.1 Limit Analysis
Limit analysis is an approach being used with increasing 
frequency. It  is most suitable to the study of drawing or 
extrusion force. This approach provides two approximate 
solutions, namely, upper-bound and lower-bound methods. The 
upper-bound solution provides a value which is known to be 
higher than or equal to the actual force. On the other hand, 
the lower-bound solution provides a value which is known to be 
equal to or lower than the actual force. The actual force 
thus lies between the two solutions. Thus by limit analysis, 
an approximate solution is given with an estimate of the
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maximum possible error. The gap between upper- and lower- 
bound solutions may be narrowed by providing several upper- 
bounds, choosing the lowest, and by providing several lower- 
bounds choosing the highest. Fundamental to the development 
of both upper-bound and lower-bound solutions is the division 
of the body into zones. For each of the zones there is 
written either a velocity field (upper-bound) or a stress 
field (lower-bound). A better choice of zones and fields 
brings the calculated values closer to actual values. 
Drucker, Greenberg,and Prager (43) described the technique of 
calculating upper-bounds and lower-bounds for the load in a 
given forming operation.
Some of the aspects of metal forming in general to which 
limit analysis has been successfully applied can be found in 
references (44,45). Upper- and lower-bound solutions are 
obtained only by following rules and procedures including 
requirement of proper description of friction behavior and 
material characteristics.
2 .2 .1 .1  Upper-Bound Approach
In  metal-forming operations, it is of great interest to 
predict a force that will surely cause the body to deform 
plastically to produce the desired shape change. An upper-
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bound analysis predicts a load that is at least equal to or 
greater than the exact load needed to cause plastic flow. 
According to Hosford and Caddell (46), the upper-bound theorem 
may be stated as follows: "Any estimate of the collapse load
of a structure made by equating the internal rate of energy 
dissipation to the rate at which external forces do work in 
some assumed pattern of deformation will be greater than or 
equal to the correct load.”
The firs t step in the application of an upper-bound 
solution is to assume a kinematically admissible velocity 
field which satisfies the volume constancy and boundary 
conditions. The upper-bound approach proceeds by computing 
the power required to maintain the assumed velocity field in 
the deformation region. The external forces are then 
calculated by equating the external work with the internal 
energy consumption. The velocity field which minimizes the 
forming power is closest to the actual one. Results can be 
expressed in terms of a forming load as a function of material 
parameters, such as yield stress, strain-hardening exponent, 
strain-rate sensitivity, geometry of the deforming region, and 
process variables, such as amount of deformation, workpiece 
geometry, tool geometry, friction conditions, and deformation 
speed. The expression for forming load can be minimized with 
respect to any combination of the process variables, leading
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to optimum values for particular forming operations and 
materials.
Principles stated by Hill (47) and later extended by 
Drucker, Greenberg and Prager (48,49) were utilized by Johnson 
(50) and Kudo (51-53) who introduced two different upper-bound 
techniques. Kobayashi (54) introduced curved surfaces as 
discontinuity surfaces for the admissible velocity fields, 
which resulted in an improvement of the Kudo's upper-bound 
solution for axisymmetric problems. Avitzur (55) also used an 
upper-bound approach to study the drawing and extrusion 
through dies of large cone angles. Hartley (56) utilized the 
upper-bound approach for analysis of extrusion of
axisymmetric, piecewise homogeneous tubes.
It  should be noted that the assumed pattern of deformation 
is based on one's conception of actual flow, which the assumed 
pattern resembles but to which it will not, in general, 
conform perfectly. I t  is in the observation of actual flow 
that one finds its true characteristics. However, it has been 
shown (57) that flow pattern changes with variations in 
reduction, cone angle, friction, material, and other factors.
Detailed point-to-point pictures of the deformation process 
are often useful in assuming a suitable velocity field. Three 
of the most powerful methods to obtain a detailed flow pattern






Visioplasticity was firs t introduced by Thomsen et al 
(58,59). In  this method, split billets are scribed by grid 
lines on one face, reassembled, formed, and removed from the 
die after each step. After each step, the distortion of the 
grid is analyzed to evaluate displacements and strains.
Flow study by means of visioplasticity is an experimental 
procedure. An alternative approach using analytical numerical 
procedures and computer services employs one of two methods: 
the finite-element method (60) and the finite-difference
method (61). In  the finite-element method the procedure is to 
evaluate the power dissipation in each element and then move 
to neighboring elements, varying the distortion to minimize 
the total power requirement. In  the finite-difference
technique, or potential-flow theory, flow lines are determined 
by their characteristic property of being everywhere 
perpendicular to equipotential lines. The flow pattern is 
determined by evaluating the potential at incremental 
distances and minimizing the total power requirement. An
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advantage of the application of numerical methods is the 
ability to treat the flow as an adiabatic process rather than 
an isothermal one. Avitzur (62,63) applied the finite element 
method to analyze the flow through conical converging dies by 
considering the flow strength of the material as a function of 
strain, strain rate, and temperature.
The detailed flow pattern obtained by either of the methods 
described above, provide the investigator with enough 
information to explore possible velocity fields for upper- 
bound analysis.
2.2.1.2 Lower-Bound Approach
Lower-bound solutions, in general, are harder to obtain 
than upper-bound solutions, and they are very scarce. Earlier 
efforts in obtaining a lower-bound solution include the 
analysis by Fueyo and Avitzur (64,65), and Avitzur and Hahn 
(66).
As in the upper-bound approach, specific steps, obeying 
specific rules, are to be followed in obtaining a lower-bound 
solution. This method is based on a statically admissible 
stress field (one that obeys the equations of equilibrium, the 
relevant yield criteria, and the prescribed boundary
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conditions). I t  should be noted that an infinite number of 
statically admissible stress fields may exist for the 
description of any process.
The firs t step in application of a lower-bound solution is 
to postulate a stress field that obeys the equations of 
equilibrium and conforms to the stress boundary conditions. 
Such a stress field may contain surfaces of stress 
discontinuity. The nature of the permitted stress 
discontinuity is such that the differential equations of 
equilibrium and the equilibrium of external forces are not 
violated. Of all possible states of stress, the one that 
maximizes the forming load is closest to the actual value.
2.2.2 Slip-Line Method
The slip-line method is a powerful technique for solving 
complex plastic flow problems by establishing the maximum 
shear-line field. A slip-line solution consists of families 
of maximum and minimum constant shear lines that form a 
network of lines that are at right angles wherever they 
intersect in the plastic flow field. These shear lines have
the property of satisfying static equilibrium, the yield 
condition, and a possible flow field everywhere in the plastic 
zone of the metal. The shear lines or slip lines are known in
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mathematical terms as the characteristics of the differential 
equations of equilibrium.
Its limitation is that certain restrictions are placed on 
the material, and only plane-strain problems can be attacked 
with this method. Other limitations include the requirement of 
a line boundary between a plastic and an elastic material 
instead of a transition region, the exclusion in the 
formulation of the effect of work hardening and of strain rate 
on flow. In addition, there is the fact that the solutions 
lack uniqueness and more than one solution may fit  a 
particular set of boundary conditions.
However, the method has gained prominence through the 
efforts of researchers who have applied it with considerable 
success to a number of practical forming problems such as 
drawing, rolling, and extrusion. The slip-line method was 
firs t introduced by Hencky (67) in 1923. Many investigators 
since then have contributed to an increased knowledge of slip 
lines; for example, Prantdle (68), Caratheodory and Schmidt 
(69), and Geiringer (70). Bishop (71) has suggested a method 
for examining forming problems and for ascertaining whether a 
statically admissible stress field exists for the partial 
solution given by a particular slip-line field. H ill (72) has 
demonstrated that many problems of real importance can be
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solved using this theory, which show good agreement with 
experiment and theory. Thomsen and coworkers (73-76) when 
investigating metal-forming problems such as drawing and 
extrusion, have shown that slip-line solutions can be applied 
to most axisymmetric problems and that good correlation 
between experimental and theory can be obtained. Johnson (77) 
and Kudo (78) took advantage of some principles on the state 
of stress at a plastic rigid boundary and replaced curved slip 
lines with straight slip lines. A method for introducing work 
hardening into slip-line analysis was suggested by Oxley et al 
(79), but no significant problems have been solved. Other 
contributions to the slip-line theory include works by Prager 
and Hodge (80), Lee (81) and Green (82). The complete slip- 
line theory has been presented by Thomsen, Yang, and Kobayashi 
(83), Johnson, Sowerby, and Haddow (84), and Hill (85).
2 .2.3 Uniform Plastic-Deformation Energy Approach
It  appears that Siebel (86) introduced the uniform plastic- 
deformation energy method in the late 1920's. In  the uniform 
plastic-deformation energy method, or for short, uniform-work 
method, the deformation mechanism of the system is simplified 
by assuming an ideal process where straining occurs only under 
maximum shearing stresses or under principal stresses. There
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are no frictional losses or redundant work.
Consider a forming process in which a tube of constant 
cross-sectional area A is reduced to that of a tube of area AT 
under the action of drawing stress P. Figure 2.6 shows two 
infinitesimal elements of lengths dl and dl' indicating the 
initial and final infinitesimal lengths of the bar. Since the 
volume of the material remains constant during the
deformation, the external work done by the drawing load can be 
expressed as:
dW = P A' d£' = P A d£ (2 .1 )
The average uniform infinitesimal internal deformation energy 
to deform a volume A dl is given by:
£
E = A d£ /  a d£ (2 .2 )
0
Where o and £ represent the effective stress and the 
effective strain given by the instantaneous state of
deformation.
By equating internal to external work, under the neglect of







Figure 2.6 Tube-Drawing Through a Conical Die
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external friction, we obtain
e
P = f  a de (2.3)
0
The average stress of deformation, a > is given by
ID
1 £  -  -a = 7 /  a  de (2 .4 )
e 0
The effective strain can be represented in terms of the area 
reduction ratio as follows
I  = £ n ( | r )  (2 .5 )
Substituting equations (2.4) and (2.5) into equation (2.3) 
yields:
p = • A n f f y )  ( 2 . 6 )
I t  is evident that the uniform-work method provides no 
details regarding metal flow and gives the average forming
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pressure as the specific internal energy. I t  is therefore 
only suitable when an estimate of the forming load for a given 
amount of plastic deformation is required.
2 .2 .4 . Slab Analysis
The slab method, which is also known as the free body- 
equilibrium approach, assumes that the stresses on a plane or 
spherical surface perpendicular to the flow direction are 
principal stresses. The stresses are assumed to be constant 
on this plane. A slab of metal, straight or curved, of 
differential thickness is selected parallel to this plane at 
any arbitrary point in the deformed metal. A force balance is 
made on this slab that will result in a differential equation 
of static equilibrium. The differential equation is then put 
in an integrable form which is then integrated to provide a 
solution. Introduction of the boundary conditions determines 
the forming forces and other pertinent information.
I t  appears that both Siebel (86) and Sachs (87) introduced 
the slab method at about the same time in 1931. This method 
is useful for the solution of many problems and can be 
employed as an approximation whenever the stresses are not 
necessarily principal stresses. The slab method usually gives 
a preferred answer over the uniform-work method, since
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variable external friction can be included in the analysis. 
Similar to the uniform-work method, however, the quality of 
the solution suffers from the neglect of the shear 
deformation. In  those cases in which shear deformation is 
relatively small, the answers obtained by this method are 
usually of satisfactory engineering accuracy. I t  should be 
noted that as in the case of the uniform-work method, the slab 
method yields only average stresses.
2.2.5 Finite Element Analysis
Although all of the methods described in the preceding 
sections are capable of predicting the relationship between 
forming load and process variables, they are unable to provide 
any information on the magnitude and distribution of residual 
stresses which are characteristic of most forming operations. 
This is due to the fact that the above methods either assume 
rigid-plastic behavior of the metal during deformation, or 
uniform deformation in the deforming region.
In  finite-element method, both rigid-plastic and elastic- 
plastic material behaviors can be prescribed, thus making it  a 
more attractive analysis tool in cases where residual stress 
profiles are of interest to the investigator.
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Most present-day solutions for metal forming assume 
isothermal processing. If  the total power spent per unit 
volume is low and the temperature therefore rises only 
slightly, or if  the processing is very slow and all the heat 
generated is dissipated by the environment, then the treatment 
of the process as isothermal is satisfactory. On the other 
hand, metal-forming processes are performed today with massive 
deformations and at higher and higher speeds. Under such 
conditions most of the work of deformation, translated into 
heat, acts to raise the temperature of the workpiece 
substantially, and the process is closer to an adiabatic 
process, than an isothermal one. Finite element method makes 
the treatment of metal forming as an adiabatic process 
possible. Some examples of the application of this method to 
adiabatic metal forming processes is given in references 
(62,63).
For metal-forming analysis by finite-element method, the 
deforming workpiece is first divided into small elements whose 
behavior is governed by a set of mathematical equations. When 
the workpiece is subjected to a load, the computer program can 
calculate how the applied forces affect each element and how 
each element affects its adjacent neighbors. The flow 
strength of the material can be treated separately for each 
element and considered as a function of strain, strain rate,
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and temperature.
This numerical method, which has provided many 
investigators with a valuable tool to analyze complex 
engineering problems, was utilized in this study and the 
results were correlated with experimental data. Chapter 4 
provides a more elaborate description of the finite element 
method.
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MEASUREMENT OF RESIDUAL STRESSES
3.1 Nature and Origin of Residual Stresses
Residual stresses are the system of stresses which can 
exist in a body when it  is free from all external forces, 
couples, and applied stresses. Presence of residual stresses 
in the proper manner will greatly improve the design criterion 
of strength-to-weight ratio and reduce ultimate cost. 
However, residual stresses are often associated with warping 
and distortion after heat treatment or machining, cracks 
produced in quenching or grinding, stress corrosion and season 
cracking, and early service failures of tools, dies, machine 
parts, and welded members.
The reaction of a material to externally applied stresses 
is influenced by the presence of residual stresses. For 
instance, during the tension test, the region of material
containing high residual tensile stresses will yield
plastically at a lower value of applied stress than a specimen 
without residual stresses. On the other hand, compressive
58
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residual stresses will increase the yield stress. This 
principle was firs t employed in 1888 to manufacture built-up  
guns (88). Timoshenko (89) presented a review of the early 
literature and theoretical treatment of manufactured parts 
such as guns, turbine rotors (90), and other cases where 
residual stresses may be advantageously utilized.
Residual stresses are just as effective as stresses due to 
externally applied loads in producing stress corrosion 
cracking (91). This is a type of failure which occurs when 
certain metals are subjected to stress in specific chemical 
environments. For instance, brass in a mercury or ammonia 
compound media will fail by "season cracking," and austenitic 
stainless steel and certain age-hardenable aluminum alloys are 
susceptible in environments with chlorides.
The residual stress state is a system of stresses in static 
equilibrium within a body. Furthermore, the relationship 
between the stresses and strains is elastic. This is due to 
the fact that if  at any point the body were plastic, it  would 
yield to the extent that the stress-strain relationship at the 
point would subside into the elastic range. In  order to 
demonstrate the equilibrium of residual stress state, consider 
two helical, concentric springs of equal stiffness but unequal 
lengths, the shorter being on the outside (Figure 3 .1 ).




Figure 3.1. Residual Stresses from the Mutual Constraining 
of Two Concentric Helical Springs.
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Suppose now these springs are secured together at their ends 
to form a "body." The resultant assembly is intermediate in 
length to its original members. The outer spring has been 
extended and is in tension; the inner is shortened and in 
compression. The assembly, free of external loading, is in a
state of balanced internal stress, compressive in the axial 
direction on the inside and tensile on the outside. This is 
shown schematically in Figure 3.1. The total force on a 
cross-section normal to the axis, represented by the area 
under the stress curve, vanishes, indicating the tensile and 
compressive forces being equal.
Residual stresses in an elastic solid arise from three 
distinct sources, namely, "misfit," change in specific volume, 
and non-uniform distortion (92,93).
The first type arises if  the structural parts are united by 
force or if  they are constrained in the process of 
fabrication. An example of this mechanism by which residual 
stresses are formed would be the case where an oversize insert 
or nib is pressed into an undersize collar. This will be 
accomplished by a mutual adjustment in shape namely, the nib 
will shrink and the collar will expand. These strains will 
develop residual stresses in the assembly. In the tangential 
direction, for example, the collar, being stretched, will be
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under tension, and the insert, being compressed, will be under 
compression.
The second source of residual stress, change in specific 
volume, depends upon various physical or physiochemical
changes. These are electro- and magneto-striction, thermal
expansion or contraction, diffusion, phase change, and gradual 
chemical changes in the various part of the body. As an 
example, consider a solid solution which is cooled from some
high temperature at which it is a homogeneous single phase to 
a lower temperature at which a second phase precipitates from 
the solution. I f  the precipitated phase occupies more volume 
than the parent metal from which it sprung, it  will be 
compressed by the matrix, which in turn is subjected to 
tensile stresses in the directions radial and tangential to 
precipitate particles. This is analogous to the previous 
example of nib and collar, on a microscopic level.
The third source of residual stress, non-uniform 
distortion, can be caused by fabrication processes (94) such 
as rolling, drawing, extrusion, forging, shot blasting, etc. 
Baker, Ricksecker, and Baldwin (95) conducted a comprehensive 
study of the residual stress distribution found in rolled 
bearing bronze after various schedules in one mill; the 
results and discussion have been summarized by Baldwin (96).
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3.2 Methods of Measurement of Residual Stresses
Several methods are available for measurement of residual 
stresses, each having its advantages and disadvantages (97). 
These techniques can be divided into two main categories, 
namely, destructive and non-destructive methods.
3.2.1 Non-Destructive Methods
As the name implies, non-destructive methods do not involve 
slitting or cutting of the object to measure the residual 
stresses. Some of the major non-destructive methods and their 
advantages/disadvantages are briefly described below (98).
3.2.1.1 X-Rav Technique
As with other techniques, the inability to measure stresses 
directly causes one to measure strains from which stresses are 
evaluated through the constitutive relationships. Residual 
stress measurement by X-rays utilizes the interatomic spacing 
of certain lattice planes as the gage length for measuring 
strain (99-103).
Unlike most other methods, X-rays permit direct measurement 
of the loaded state without the need of an unloaded
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measurement. This renders the method very suitable for 
measuring residual as well as load-induced stresses and 
examination of parts which failed in service. The 
disadvantages of this technique are that only surface stresses 
(0 .0 0 0 1  to 0 .0 0 1  in. deep) can be measured and the analysis 
has a resolution of 20 to 35 MPa (3,000 to 5,000 psi) as 
opposed to 2 MPa (300 psi) for strain gages on metals. 
Today's technological advances have made x -ray techniques one 
of the leading methods in residual stress measurements. 
Several applications and recent developments may be found in 
references (104-107).
3.2.1.2 Ultrasonic ( Acoustical! Techniques
Ultrasonic stress analysis is based on the relationship 
between wave propagation velocity and the higher-order elastic 
constants, which are stress dependent. The method involves 
introducing ultrasonic longitudinal, transverse shear or 
surface Rayleigh waves into the material of interest and 
measuring their velocity change with stress. Practical 
difficulties encountered in executing the experimental 
procedure include:
1) The need to transmit effective waves of suitable 
characteristics into the component being analyzed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
2) The measurement of very small stress-induced velocity
changes.
3) Separating the effect on velocity change of stress from
those of material microstructure, anisotropy, 
inhomogeneity, and so on.
While both the X-ray and ultrasonic techniques of residual 
stress analysis are non-destructive, ultrasonic methods appear 
to hold greater potential for three-dimensional and subsurface 
applications. The surface-wave techniques and velocity 
measurement required in ultrasonic stress analysis are
described below.
Surface-Wave Techniques
Rayleigh (surface) waves produced at the surface of a body 
are similar to the gravitational waves produced on the surface 
of a liquid (108,109) and can be employed to investigate 
residual surface stresses. This technique utilizes separate 
transmitting and receiving transducers applied to the surface 
of the component (Figure 3 .2 ). Surface-wave velocity is
determined by measuring the time for the ultrasonic wave to 
transverse the gage length defined by the distance between the






Figure 3.2. Schematic of Rayleigh-Wave Technique
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two transducers. The average stress (over, say, a depth of 
\ / 2  to X ) is then determined from the stress-velocity 
calibration for the material. In  this respect the method acts 
like a strain gage. For residual stress analysis, a given 
material must be calibrated by measuring the relative change 
in acoustic travel time as a function of applied stress 
(110,111). Although Rayleigh-wave techniques are attractive 
for evaluating surface residual stress, improved electronics 
having adequate resolutions are needed.
Velocity Measurements
For residual stress measurements, one normally must 
establish separately a stress-velocity calibration to be used 
in conjunction with velocity measurements. This is typically 
done using applied loads (stresses) and the velocity
dependence due to live or residual stresses is assumed to be 
identical.
Numerous velocity measurement techniques have been utilized 
for measuring ultrasonic velocity (112,113) these include: 
sing-around technique, pulse-superposition technique, and 
pulse-echo technique. Since a stress change of 100 psi in 
metals produces an ultrasonic velocity change of only a few 
parts in million, practical utilization of the concepts
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necessitates the ability to measure time changes in
nanoseconds. Several contributions to this concept include 
references (114,115).
3 .2 .1 .3  Acoustoelasticitv
Acoustoelasticity is similar to photoelasticity except that 
the light waves are replaced normally by transverse ultrasonic 
or acoustic shear waves ranging from 2 to 10 MHZ (116-119). 
The typical approach in acoustoelasticity is to introduce 
transverse shear waves into the structure from an emitting 
transducer contacting the component. One may use a 
transmitting transducer on the front face and a separate 
receiving transducer on the back face. Reflective 
acoustoelasticity employs a common transducer as transmitter 
and receiver by receiving the waves reflected from the back 
side of the component. Principal directions can be obtained 
acoustically by rotating a single transducer (or transducer 
and receiver together) until a maximum signal is obtained - 
indicative of the isoclinic orientation.
Much of the available literature and research on 
acoustoelasticity has concerned simple stress fields, 
analytical relationships between wave velocities and the 
stresses, and the electronic techniques for measuring
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accurately the wave velocities. However, recent efforts have 
involved two dimensional states of stress (118,120), inelastic 
strains (1 2 1 , 1 2 2 ) ,  use of longitudinal as well as transverse 
shear waves (122,123), and fracture problems (124). Numerous 
applications involve residual stresses (125-129). Blinka and 
Sachse reported an acoustoelastic method for determining 
principal stress differences as small as 0.25 MPa (35 psi) in 
metal (130).
3.2.2 Destructive Methods
All destructive methods of residual stress measurement are 
based on the principle of removing part of the material 
containing residual stresses and measuring the strains 
developed in the remaining material as it  adjusts its shape to 
maintain equilibrium.
The spring analogy developed by Bauer and Heyn (131) for 
measuring longitudinal residual stresses in a cylinder is a 
good illustration of the principle stated above. Consider a 
cylindrical bar containing tensile residual stresses around 
the periphery and compressive stresses at the center. By the 
spring analogy, the center springs would be compressed and the 
outer springs elongated (Figure 3.3a). Removal of stressed 
material from outer surface of a bar is analogous to removal
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[a)
Figure 3.3. (a) Heyn's Spring Model for Longitudinal
Residual Stresses in a Cylinder 
(b) Elongation of Core, due to Removal 
of Restraint of Outer Springs.
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of the outer springs, thus upsetting the static equilibrium of 
forces. Since the originally compressed core springs are no 
longer under constraint of outer springs, they will elongate 
to maintain equilibrium of forces (Figure 3.3b). The amount 
of elongation experienced by the center springs is directly 
proportional to the force exerted on them by the outer 
springs.
The strain experienced by the core is
The stress relieved by this expansion, oc , can be written 
using Hook's law
Due to the fact that the cylinder was initially in equilibrium 
before the skin was removed, the force in the core must 
balance the force in the removed material. Thus,
(3.1)
a = Eec c (3.2)
P = A Ee = P , . core c c skin (3.3)
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The average stress existing in the skin can then be written as
A Ee
_  _  c  c f?
The above expression expresses the residual stresses with a 
stepwise distribution as shown in Figure 3.4a. However, the 
distribution of longitudinal residual stress is more likely to 
vary in the continuous manner shown in Figure 3.4b. The 
residual stresses determined by Bauer and Heyn method will 
approach the distribution shown in Figure 3.4b, if 
sufficiently thin layers are removed and the process repeated 
enough times.
Although the Bauer and Heyn method is a good illustration 
of the method used to convert measurements of strain into 
residual stresses, it  can give values which are considerably 
in error because it does not consider tangential or radial 
residual stresses. In general, a bar will contain residual 
stresses in all three principal directions and may also 
contain some shear stresses. According to Dieter (132), the 
presence of transverse, radial and shear stresses can result 
in up to 30 percent error in determination of the longitudinal 
residual stresses. More accurate methods for destructive 
measurement of residual stresses are described below.











_J O (£ )
Figure 3.4. Variation of Longitudinal Stress Over 
the Diameter of a Bar
(a) Stepwise Case
(b ) Realistic Case
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3.2.2.1 Deflection Methods
This technique involves a mechanical slitting of the 
specimen and measurement of the deflection of the slit 
element. Deflection methods can be applied when it  is 
reasonable to assume that stress varies linearly through the 
thickness of a plate or tube but is constant along the length 
or circumference. This method is, again, an approximation due 
to the fact that stress distribution throughout the thickness 
is rarely linear and the formulas giving the residual stress 
at the surface of the body in one direction can be affected if 
stresses in the other principal directions are present.
The longitudinal stress at the surface of a tube may be 
determined (133) by splitting a longitudinal tongue from the 
wall of the tube (Figure 3.5a) and measuring the deflection of 




E ' t 6  (3.5)
where E' = —
l - v 2
I t  has been shown that the observed deflection is a function
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Figure 3 .5 . Determination of Residual Stresses 
in Tubes by Deflection Method.
(a) Longitudinal Stress
(b) Circumferential Stress
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of the width of the tongue. The maximum deflection is 
obtained when the tongue width is 0 . 1  to 0 . 2  times the 
diameter of the tube.
The circumferential residual stresses in a tube may be 
determined by making a longitudinal slit along the entire 
length of the tube, and measuring the change in diameter 
(134). The circumferential residual stress at the surface is 
given by (Figure 3.5b).
°e = E' t ( r  -  5T> (3 -6)o 1
3.2.2 .2  Sachs Boring-Out Method
In  1919, Mesnager (135) proposed a series of experimental 
methods and equations for accurate determination of the 
longitudinal, tangential, and radial residual stresses in bars 
and tubes. Eight years later, in 1927, Sachs (136) modified 
Mesnager's equations and presented a technique more popularly 
known as Sachs boring-out method. In this method it is 
assumed that all three stresses can exist. I t  is further 
assumed that the stresses do not vary along the length and 
circumference of the bar, but rather the stresses vary only in 
the radial direction. These latter assumptions, although
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restrictive, are not unreasonable. Bars and tubes possessing 
residual stresses due to metal forming operations such as cold 
drawing, for example, would be expected to show uniform 
effects along the length of the bar because of the continuous 
or steady nature of the drawing operation. At the same time, 
because of the rotational symmetry of the circular cross- 
section, it would be expected that there would be no variation 
around the circumference of the rod.
The original method as proposed by Mesnager, involved 
boring out the center of a cylinder in a succession of small 
layers and measuring resultant changes in both the length and 
outside diameter after each boring. To eliminate end effects, 
the specimen length should be at least three times the 
diameter. The changes in length and diameter may be measured 
with micrometers, however, direct and accurate measurement of 
strains can be made by using resistance strain gages (137).
Sachs showed that if the longitudinal strain, e , andL
tangential strain, e0 , are combined into the parameters
A. =
e L +  V£e (3.7a)
and
0  =  e a +  v e t (3.7b)
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where v  is the Poisson's ratio of the material, the three 
residual stresses: longitudinal, oT , tangential, aa , and
L t 6
radial, , can be expressed (138) by equations similar in 
form to those developed by Bauer and Heyns:
oL = E ' [ ( A 0 -  A) jg  -  X] (3.8a)
°e = E' « A„ -  *> S  -  ^  <3-8b>
A -  A
crr = E ' ( - ^ —  )0  (3.8c)
where E '  = E / ( i - v 2 )
Aq = original area of cylinder 
A = area of bored-out portion of cylinder
There is a limit to how close the bored-out diameter can
approach the outside surface of the bar or tube without 
buckling. The boring-out technique can be complemented by a 
similar procedure in which strains are measured on the inner 
surface of the tube when material is removed from the outer 
surface. The analysis for this case has been developed by 
Weiss (139). Bandy and Zemanian (140) have shown that the two 
approaches used on similar material provide a complete 
procedure for determining residual stresses from the inner to
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the outer wall.
The equations developed by above investigators assume that 
the material is isotropic and the principal directions of 
residual stresses coincide with the principal axis of the 
tube. Voyiadjis, Kiousis, and Hartley (141) have extended the 
boring-out equations to apply to cases where the material 
exhibits cylindrical orthotropy;i.e., the principal axes of 
anisotropy correspond to the longitudinal, radial and 
circumferential axes of the tube. In addition, their analysis 
considers the case in which a residual shear stress, developed 
by twisting the tube about its axis, exists in the tube. When 
such shearing stresses are present, the principal axes of the 
residual stress distribution are not parallel to the principal 
axes of the tube. The equations for determination of 
residual stresses using this analysis are given below while 
the development of the analysis is covered in more detail in 
reference (141).
For Material Removal From Inner Surface :
E ' ( l  -  C2k)
a (C) = -§  —- —  e (3.9a)
r  2kC °
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W h e re  C = r / r  , and k = VEq/E o ’ 0' r
For Material Removal From Outer Surface :
2k
a (U) = - E' f 1 ~ U ] 0. (3.10a)
0 2kU 1
9k  9 k
V D) = El c f )  ♦ e (2 - -  -  (3.10b)
6 8 2kU dU 2kU
1 TT2 ■
oz (U) = -  E^{- ( - - y ---)U  (^ ji)  + <{>.} (3.10c)
TZ0 ” GZ0* ( 4 5 ( dU 5 + U YZ0̂  (3.10d)
where U = r . / r  x
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Above equations permit residual stresses to be obtained in 
materials fabricated into axisymmetric shapes possessing 
cylindrical orthotropy. The results for the anisotropic 
material reduce to Lambert's formulation of Sachs solution 
when the material is isotropic corresponding to k=l and 
E'=E/(1- v ) . A special case of orthotropy occurs in
seamless Zircaloy tubing produced by the pilger rolling 
process as described in Chapter 1 and reference (142). In
this material E . =  E„ , which leads to v._ = v_„ and the
6 Z “ Z Z6
solutions for the stresses differ from isotropic expressions 
only in the terms involving k.
Equations (3.9) and (3.10) were utilized to determine the 
residual stresses in Zircaloy-4(R) tubing and drawn copper 
tubing. The material removal technique, electropolishing, and 
the experimental procedures are described in the following 
sections.
3.3 Experimental Measurement of Residual Stresses
3.3.1 Introduction
As mentioned earlier, all destructive methods for residual 
stress measurement are based on the same principle differing
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only in the method used to remove the material containing 
residual stresses.
Conventional machining techniques involve passing a 
sharpened body of harder material (the tool) through a softer 
material (the workpiece) and removing chips and shavings from 
the workpiece until the desired shape or dimensions are 
obtained (143). An example of mechanical machining as applied 
to residual stress measurement is the hole-drilling technique.
This technique has gained considerable popularity among 
residual stress analysts due to its ease of application. 
However, in cases where the specimen being analyzed is 
relatively small, distinguishing between the residual strains 
and strains induced by the tool becomes more difficult, 
leading to inaccuracies in the measurements. The necessity to 
cut materials of ever-increasing hardness and the advent of 
advanced technological industries, such as those concerned 
with aerospace and nuclear energy fields, has made the demand 
for new and more efficient machining techniques more critical.
A relatively new material removal process known as 
electrochemical machining (ECM) (144-146) offers a way to 
remove metal without inducing stresses in the workpiece. This 
makes the process ideal for residual stress measurements as 
demonstrated by Srinivasan, Hartley, and Bandy (147). Other
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
non-conventional machining processes (148) include electric 
discharge machining (EDM) and chemical machining (CHM).
The firs t ECM machine offered commercially was developed by 
the Anocut Engineering Company of Chicago, Illinois and was 
announced in 1959 (149). However, the concept of
electrochemical machining is derived from a process known as 
electropolishing which was presented by Jacquet (150,151) as 
early as 1929. In the field of residual stress analysis,
material removal by electropolishing is actually more
desirable than by electrochemical machining. • This is due to
the fact that the material removal rate is much slower in
electropolishing than electrochemical machining, thus allowing 
more time for data collection. Moreover, small currents 
needed for electropolishing minimize the temperature effect on 
the specimen and strain gages. In the following sections, 
different mechanisms involved in electropolishing and the 
variables affecting the surface polish will be discussed.
3.3.2 Electropolishing
The underlying principle behind electropolishing is
controlled anodic corrosion of the metal. This is made 
possible by applying an external potential to the working 
metal such that it  is made anodic with respect to a physically
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separate counterelectrode. The anodic corrosion taking place 
at the workpiece can be increased or decreased by raising or 
lowering the applied current. This makes the current an 
important variable in electropolishing. However, of equal 
importance is the composition of the electrolyte and to some 
lesser extent the temperature. Tegart (152) and Ameskal (153) 
have given a rather extensive listing of electropolishing 
baths suitable for a number of metals and alloys. A complete 
history of development of electropolishing techniques and 
theories has been traced by Jacquet (150). All theories 
attempting to describe the electropolishing action take into 
account a macroscopic effect (the wearing down of peaks, the 
leveling process) and a microscopic effect (the prevention of 
etch patterns, the smoothing effect).
3 .3.2.1 Leveling Mechanism
When copper is firs t placed in a water solution of 
phosphoric acid at a suitable current density, the surface is 
etched; and after a while, a thin layer of salt is formed. 
According to Jacquet (154), during the etching period the 
current rises rapidly over a short potential range to a 
maximum value. With further increase in potential, the 
current falls to a limiting value and it is in this limiting
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current region that electropolishing takes place.
The leveling mechanism theory of Jacquet takes advantage of 
the above observations to conclude that, during 
electropolishing, the metal surface is covered with a layer of 
salt which is thicker than the surface roughness as shown in 
Figure 3 .6 . Since the distance from a peak to the boundary of 
the film (A in Figure 3.6) is shorter than from a valley (B in 
Figure 3 .6 ), the iR drop at A would be less than at B. 
Consequently, the rate of dissolution would be greater at the 
peaks, producing the leveling action.
Although the film resistance model of Jacquet provided a 
reasonable description of the leveling action involved in 
electropolishing, some investigators, Elmore (155), considered 
it  too simple and believed that diffusion was responsible for 
the leveling mechanism. According to Elmore's viewpoint 
(155), electropolishing begins by etching of the metal surface 
until a salt layer is built up. The anodic corrosion process 
is then limited by the diffusion of Cu++ ions through the 
layer to the bulk of the solution. Considering the fact that 
the diffusion length is shorter at A (Figure 3.6) than at B, 
the rate of reaction will be greater at the peaks, resulting 
in the leveling action.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
SALT LAYER
Figure 3.6. Salt Film Present on a Metal Surface 
Undergoing Electropolishing
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3.3.2 .2  Smoothing Mechanism
Studies on electropolishing of Ni in acid solutions, 
conducted by Hoar (156,157) and later by Higgins (158), have 
shown that current does not flow below a certain potential 
value. Above this point there exists a region in which the 
current rises rapidly for small changes in potential. Once a 
peak value is reached, the current falls rapidly to a steady- 
state value where electropolishing takes place with increasing 
potential.
Hoar suggests that the sudden initial rise in the current 
corresponds to formation of a compact oxide film on the metal 
surface which reaches a steady-state thickness because it 
dissolves as fast as it is formed. Since the polishing 
process is diffusion controlled by the migration of N i++ ions 
through vacancies in the oxide film, a leveling effect is 
produced because the diffusion layer is thicker in the valleys 
than on the peaks. On the other hand, a smoothing effect is 
obtained because the position of the vacancies in the oxide 
film determines where the ions leave the surface, and since 
there is a random distribution of vacancies, there is a random 
dissolution of the metal.
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3.3.2 .3  Reactions at the Electrodes
The primary anodic reaction is metal dissolution while the 
primary cathodic reaction is hydrogen evolution. Common 
reactions which occur in electropolishing for different types 
of electrolytes are listed below (145).
(a) Acidic electrolytes (e .g . HC1)
Anodic reaction: dissolution of metal
M = Mz+ + ze (3.11)
2+
where M is the metal ion of valency z and e is the electron 
charge.
Cathodic reaction: evolution of hydrogen
2H+ + 2e = H.2 (3.12)
(b) Neutral electrolytes (e .g . NaCl) 
Anodic reaction: metal dissolution
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M = MZ+ + ze (3.13)
or,
M + z(OH) = M(0H)z + ze (3.14)
Cathodic reaction: hydrogen evolution
2H20 + 2e = H2 + 20H~ (3.15)
The metal ions from the anode and hydroxyl ions from the 
cathode usually react in the bulk of the electrolyte to form a 
metal hydroxide:
Mz+ + z(OH)" = M(OH)z (3.16)
(c) Alkaline electrolytes
Anodic reaction: Metal dissolution
M + z(OH)” = M(0H)z + ze (3.17)
Cathodic reaction: hydrogen evolution
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2H2°  + 2e = H_ + 20H (3.18)
3 .3 .2 .4  The Electrolyte
An electrolyte is the solution used in an electrolytic cell 
to conduct electricity. I t  is different from a metallic 
conductor of electricity in that the current is carried not by 
electrons, but by ions, which are atoms having either lost or 
gained electrons, thus acquiring either positive or negative 
charges. Ions with positive charges move through the 
electrolyte in the direction of the positive current towards 
the cathode, and are called "cations." In the same fashion, 
negatively charged ions travel towards the anode and are known 
as "anions."
Not all conventional electrolytes can be used successfully 
for electropolishing. Jacquet (159), Tegart (152), and 
Ameskal (153) have developed and published an extensive list 
of electrolytes for use with a wide range of metals and 
alloys.
In order to achieve optimum polishing conditions, a 
suitable electrolyte and proper polishing conditions should be 
selected. Any parameter that changes the conductivity of the
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electrolyte will change the current density, and hence, the 
metal removal rate.
3.3.2.5 Effect of Voltage and Current
The driving force for an electrochemical process is the 
voltage drop or potential difference across the metal-solution 
interface. For electropolishing at a given constant current a 
threshold value of the potential or driving force must be 
reached before the electrochemical process can take place. In  
order to minimize the rate of gas generation and heating 
effects, it  is advisable to operate at the lowest potential 
value possible for a given current.
Constant material removal rates can be achieved by
maintaining a constant current across the cell. This can be
obtained by using a constant current power source. As the 
resistance of the cell is increased due to formation of the 
layers of reaction products at the anode and chemical changes 
of the electrolyte, constant current is maintained by 
increasing cell voltage.
For optimum polishing results, one should determine the 
proper combination of voltage-current density. Bertein (160) 
addressed this problem and proposed the use of electrolytic
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cells which allow simultaneous investigation of a large range 
of anode current densities. Tegart (152) has also listed an 
extensive list of voltage-current density combinations for 
electropolishing of various metals and alloys. However, most 
satisfying results are obtained by a trial and error approach 
for the specimen under consideration. This can be easily
achieved by keeping one of the parameters constant and varying 
the other until a suitable combination is obtained. Lorking 
(161,162) has approached the problem by developing a cell 
consisting of two vertical electrodes placed at an angle so 
that the current density varies along the length of the anode.
On applying a voltage across the cell, regions of varying 
surface finish are produced.
3.3.2.6 Effect of Electrolyte Flow
In electropolishing operations with stationary
electrolytes, corrosion products from the metal dissolution 
collecting in the gap between the electrodes increase the 
resistance across the gap until the metal dissolution process 
comes to a stop. In  most cases, diffusion and convection 
cannot supply enough fresh electrolyte to the anode and forced 
flow of electrolyte, via a pump, is necessary to remove some 
of the reaction products and to maintain the viscous layer at
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the optimum thickness for polishing. However, excessive flow 
must be avoided as this can completely destroy the viscous 
layer and prevent the attainment of polishing conditions. It  
is important that the flow of solution be uniform through the 
gap; otherwise, uneven metal removal will destroy the quality 
of the polished surface (163,164). In  order to insure uniform 
flow around the metal being polished, it  is advisable to keep 
the entrance and exit of the electrolyte a proper distance 
away from the polishing zone. This gives enough time for the 
turbulent flow at the entrance to reach a more uniform, 
laminar level.
Electrolyte flow is also essential to prevent excessive 
local heating due to the passage of current through the high 
resistance layers on the anode. Kubeth and Heitmann (165) 
have experimentally measured changes in the temperature of the 
solution entering and leaving the gap in the order of 45°C. 
Such a change in temperature could cause a change in density 
of about 100% and in viscosity of about 50% (166). Therefore, 
the temperature change should be kept to a minimum to avoid 
uneven metal removal at hot spots. This is especially 
important when electropolishing is used as a means of 
material removal for residual stress measurements. Changes in 
temperature could cause the specimen to elongate resulting in 
errors in the measured strains. The problem of heating can be
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easily solved by employing a heat exchanger in the electrolyte 
flow line to keep the temperature of the intake solution 
controlled (167,168).
3 .3 .2 .7  Effect of Corrosion Products
While the material is being electropolished, the corrosion 
products are carried away by the flowing solution in the 
gap. As long as the electrolyte remains clean and retains 
its chemical composition, good polished surfaces are 
obtained (169). However, if  the electrolyte becomes 
contaminated and saturated with corrosion products, the gap 
between the electrodes could close, bringing the polishing 
process to a halt.
Consequently, it is desirable to filte r out the 
corrosion products from the circulating electrolyte. The 
most common means has been the use of a filte r press (170) 
usually using diatomaceous earth. However, filters 
eventually become clogged and need periodic cleaning. Ito 
and Shikata (171) have used a centrifuge to remove sludge, 
but they reported that centrifuges are expensive. Other 
possible purification methods include employment of 
settling tanks or periodic changing of electrolyte with 
fresh electrolyte in cases where inexpensive electrolytes
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are utilized.
3 .3 .2 .8  Theoretical Metal Removal Rate
As mentioned earlier, metal removal in the electropolishing 
process is an anodic corrosion process, and thus is governed 
by Faraday's law
Three basic equations govern the process (145):
(i) Laplace's equation
V2<fi = o (3.19)
The solution of which will give the potential <|> at any point 
in the electrolyte.
(ii) Ohm's law
J = -KeV<(> (3.20)
where Kg is the conductivity of the electrolyte, and J the
current density can be found from the potential known from
equation (3 .19).
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(iii) Faraday's law
m = ft—1 t  (3.21)ZF
which determines the mass of metal removed. In  equation 
(3 .21), A and Z are the atomic weight and the valency of the 
dissolving ions respectively; t  is the time of polishing in 
seconds; I is the current in amps; and F is the Faraday’s 
constant and equals to 96,486 coulombs (172). The rate of 
metal removal can be obtained by differentiating the mass 
equation (3 .21). The result is an equation which is directly 
proportional to the current as shown below:
m = $ 4  = k (3-22)Z F
Although the rate of metal removal in theory is a direct 
function of the local current, in practice this rate is 
influenced by other factors, which include the process 
variables and the relationship between the metal and the 
electrolyte. The metal/electrolyte relationship is an 
important factor affecting the formation of surface films 
which play a dominant role in determining both the rate and
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the manner of dissolution.
In  most cases, however, the difference in theoretical and 
experimental removal rates stems from the use of current for 
purposes other than metal removal. The current efficiency is 
defined as the ratio of the observed amount of metal dissolved 
to the theoretical amount predicted by Faraday's law, for the 
same specified conditions of electrochemical equivalent, 
current, etc. Then,
current e f f ic ie n c y  = (a/;ZF j j  (3 .2 3 )
A current efficiency of 100% indicates that the entire current 
is used to dissolve the metal in accordance with Faraday's 
law. For zero efficiency, the current passes without metal 
dissolution.
Apparent current efficiency values can be affected by a 
number of factors. Confusion often arises if an incorrect 
valency state is attributed to the dissolving ion. Copper, 
for instance, is known to dissolve in monovalent form in 
chloride solutions, and in divalent state in nitrate solutions 
(145). Nickel is another example of such behavior. It  
usually dissolves in the divalent state in nitrate and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
98
chloride solutions at low potential difference, but at higher 
potential differences it has been known to dissolve in the 
trivalent state (145).
Gas evolution at the anode is another common reason for 
reductions in current efficiency. In other cases, grain 
boundary attack may occur causing removal of grains of metal 
from the anode surface by the friction forces of the 
electrolyte flow. In  this case, however, the metal removal 
rate and the corresponding current efficiency is increased.
It  is therefore advisable to calibrate the process, for the 
specific metal/electrolyte undergoing electropolishing, in 
order to determine a more precise removal rate for 
applications where knowledge of the removal rates are crucial, 
such as precision machining or residual stress analysis.
3.4 Experimental Procedure
The Zircaloy-4(R) specimens used in this investigation were 
supplied by Oak Ridge National Laboratory where some of the 
specimens were also annealed at various temperatures. 
Segments of Zircaloy-4(R) tubing, 38.1 mm (1.5 in .) long, were 
cut on a water-cooled grinding wheel from a length of tubing 
having a nominal outside diameter of 10.92 mm ( 0.430 in .) and
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a wall thickness of 0.635 mm ( 0.025 in .) . The specimens were 
then separated into seven groups, each containing 12 
specimens. Six of these groups were annealed at 500, 600,
700, 800, 900, and 1000°C for one hour, leaving the last batch 
of specimens in the as-received condition.
Annealing at 500, 600, 700, and 800°C was carried out in
small glass tube vacuum furnaces with electric resistance 
heating elements. A relatively large vacuum furnace with a 
similar heating element was utilized for 900, and 1000° C 
anneals. Table 1 shows the actual annealing conditions for 
each group of specimens. Upon completion of annealing time, 
specimens were taken directly from the higher temperature zone 
of glass tube furnaces, to a zone approximately at room 
temperature. Cooling of the specimens annealed in the larger 
furnaces took up to one hour.
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500 1.2E-6 Glass Tube
600 1.8E-6 Glass Tube
700 1.0E-6 Glass Tube
800 4.6E-7 Glass Tube
900 1.9E-6 Vacuum Annealing
1000 2.4E-6 Vacuum Annealing
The Young's modulus in the axial direction, poisson's ratio 
and other mechanical properties of Zircaloy-4 (R) specimens 
were measured directly by a compression test on a specimen of 
as-received and annealed material. Two bi-element strain 
gages were attached to the outside surface of the specimen 
diametrically opposite to one another to compensate for any 
bending effects that might have occured during the compression 
testing. As the compression load was increased, the resulting 
lateral and axial strains in each gage were recorded. The
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arithmetic average of the lateral and axial strains measured 
by both gages were used to determine the poisson's ratio. 
Other pertinent properties, derived from the data, are listed 
in Table 2.












As-received 430 667 98.25 0.355
annealed 276 375 98.25 0.355
The copper tubing used for residual stress analysis was 
obtained in four different tempers representing various 
degrees of cold work. These were:
. Soft or Light Annealed 
. 1/4 Hard (10.94% reduction)
. 1/2 Hard (29.38% reduction)
. Hard (37.10% reduction)
Copper specimens for residual stress analysis, were cut 
into 76.2 mm (3 in .) long segments from a length of tubing
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having a nominal outside diameter of 13.87 mm and a wall 
thickness of 1.02 mm. Mechanical properties of the copper 
specimens were determined by a compression test as described 
earlier in the case of Zircaloy specimens. These properties 
are listed in Table 3.













Soft 62 223 118 0.326
1/4 hard 156 227 118 0.326
1 /2  hard 228 318 118 0.326
hard 336 367 118 0.326
3.4.1 Sample Preparation
In order to insure proper bonding of strain gages to the 
specimen being analyzed, the following procedure for preparing 
the bonding surface was followed as closely as possible. 
Elimination of any of the steps in preparing the sample was 
found to result in a weak and unstable bond at the gage/metal 
interface leading to such problems as "strain drift" and
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"creep relaxation" of the gage.
There were five basic steps in preparing the surface of the 
sample for strain gage installment. A brief description of 
each step is given below, however, the complete and concise 
description of these steps is presented in reference (173).
a) Solvent Degreasing: to remove oils, greases, organic
contaminants and soluble chemical residues. Degreasing 
was accomplished by aerosol spray cans of Chlorinated SM 
or Freon.
b) Surface Abrading: to remove any loosely bonded adherents
(scale, rust, paint, oxides, e tc .), and to develop a 
surface texture suitable for bonding. The abrading 
operation was done using a 220- or 320-grit silicon 
carbide paper. Wet abrading was done by applying a 
conditioner solution to the surface and using a 400-grit 
silicon carbide paper for finish abrading.
c) Gage Location Layout Lines: this was done for accurately
locating and orienting a strain gage on the test surface.
The lines were made perpendicular to one another, with 
one line oriented in the axial direction. The reference 
lines were made by a 4H (hard) drafting pencil.
d) Surface Conditioning: conditioner A, supplied from
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Measurements Group, In c ., was applied repeatedly, and the 
surface scrubbed with cotton-tipped applicators until a 
clean tip was no longer discolored by the scrubbing. The 
surface was then dried with a single slow stroke of gauze 
sponge.
e) Neutralizing: was the final step in surface preparation
to bring the specimen surface to an optimum condition. 
This was done by applying M-Prep Neutralizer 5 
(Measurements Group, In c .) liberally to the cleaned 
surface, and scrubbing the surface with a clean cotton- 
tipped applicator.
3.4.2 Strain Gage Installment
In the case of copper specimens, material removal was done 
on the inner surface of the tubes and therefore the strain 
gages were attached to the outer surface of the tubes. Due to 
the nature of the tube-drawing process, no residual shear 
stresses were expected to exist in the copper tubes and 
therefore bi- element strain gages with elements only in the 
axial and transverse directions were used (Measurements Group, 
In c ., gage § CEA-06-062UT-120). Two pairs of strain gages 
were attached to each specimen,, as shown in Figure 3.7, such 
that they were diameterically opposite to one another. The




Figure 3.7. Strain Gage alignment for Cu Specimen
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reason for using two sets of strain gages was to compensate 
for any bending effects that might have occured during the 
experiment.
Since copper is an excellent conductor of heat, it  was not 
possible to connect the lead wires once the gages were 
attached to the specimen. Thus, the lead wires were connected 
to the gages prior to the attachment of gages to the specimen 
surface. Although this made the installation procedure 
somewhat more difficult, it  was found to be the only possible 
solution. M-Bond 200 adhesive, obtained -from Measurements 
Group, In c ., was used and the instructions for strain gage 
application with M-Bond 200 adhesive system (174) were 
followed to install the gages.
In  the case of Zircaloy-4(R) specimens, material removal 
was done on the outer surface and therefore the strain gages 
were attached to the inner surface of the tubes. This was, by 
no means, an easy task considering the fact that the inside 
diameter of the tubes was only 10.92 mm (0.430 in .) .
Zircaloy-4(R) specimens, 38.1 mm (1.5 in .) long, were first 
prepared by employing a similar procedure as described earlier 
for copper specimens. The inner surface abrading was done by 
taping the abrasive paper to the end of a long slender rod, 
and working the rod back and forth in the tube.
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Due to the nature of the pilgering' process, Zirealoy-4(R) 
specimens were expected to contain residual shear stresses 
throughout the wall thickness. In order to make the 
measurement of shear stresses possible, tri-element rosette 
strain gages were used. These gages consisted of an element 
in the axial direction and the remaining two elements at a 45 
angle to each side of the axial element. In order to minimize 
excessive bending of the gages (due to large curvature of the 
tubes), it was necessary to purchase gages with the smallest 
available element grid size (Measurements Group, In c ., gage # 
EA-03-031RB-120 ) .  Two sets of gages were attached to each 
specimen, as shown in Figure 3.8, such that they were 
diametrically opposite to one another. Due to the small size 
of the strain gages and small inside diameter of the Zircaloy 
specimen, a special procedure (175) was followed to install 
the gages inside the tubes. This procedure is briefly 
described below.
Once the surface preparation was completed, the strain gage 
leads were attached using 36 gauge enameled wire. This type 
of wire was found to work well with small gages since it was 
light, thin, flexible and required minimum soldering to form a 
stable solder joint at the gage terminals. It  was next 
necessary to mount the strain gage on a temporary carrier for 
accurate placement and alignment in the tube. A rectangular





Figure 3.8. . Strain Gage Alignment for Zr-4 Specimen
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Figure 3.9. Gage Installation in Small Tubes
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piece of Mylar sheet was cut to the dimensions shown in Figure 
3.9, which served as the temporary carrier for gage placement.
The gage was then adhered, top-side down, to the carrier with 
Duco rubber cement. Once the cement dried, a thin layer of M- 
Bond AE-10 (room-temperature-curing epoxy) adhesive was 
applied to the exposed back of the strain gage. The carrier 
was then rolled up and inserted into the tube to cover the 
entire inside surface. The edges of the carrier were adjusted 
so that they j'ust met without overlapping or separating. A 
length of surgical tubing, sealed at one end, was inserted 
into the specimen until it  was beyond the specimen by at 
least 2 tube diameters. The outside diameter of the tube was 
about 1 mm (0.040 in .) smaller than the inside diameter of the 
specimen. Next, air pressure was applied to the tube at about 
105 KPa (15 psi), using a precision pneumatic pressure tester 
(type k , model MK-100, AMTEK C orp.). This pressure was 
maintained for approximately 24 hours to insure complete 
curing of the adhesive. The air pressure and the surgical 
tubing were then removed and the carrier slowly peeled away 
from the gage.
3.4.3 Electropolishing Apparatus
As mentioned earlier, material removal on the Zircaloy-4(R)
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specimens was done on the outer surface while copper specimens 
were electropolished on the inner surface. This required 
design and fabrication of two separate electropolishing cells, 
which allowed polishing of one side of the specimen while 
keeping the other side dry for strain measurements.
The apparatus used for electropolishing of Zircaloy-4(R) 
specimens is shown in Figure 3.10. The cathode was a 316 
stainless steel pipe, which also served as the housing for the 
cell. Attached to this pipe were two nipples, one at the 
bottom and one on top, serving as the electrolyte inlet and 
outlet respectively. The specimen holder was made out of 
teflon in order to electrically insulate the specimen from the 
cathode and also to prevent corrosion by the acidic 
electrolyte. It  was tapered such that its outside diameter, 
at one end, was equal to the inside diameter of the specimen 
and, at the other end, slightly larger than the inside 
diameter of the cathode pipe. A small axial hole drilled 
throughout the length of the teflon specimen holder, served as 
a bridge between the inside of the specimen and the outside of 
the entire cell. The strain gage lead wires, hanging from the 
inside of the specimen, were firs t sent through the hole in 
the teflon specimen holder and the specimen was then placed 
and secured on the top part of the holder. The top end of the 
specimen was sealed off (using a cork and silicon sealant),

















Figure 3 .10 .(a) Apparatus for Material Removal from Outside
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
rrh
114
and the entire assembly was then inserted in the cathode pipe 
until a tight fit  was obtained.
A Masterflex tubing pump system with variable speed 
(#R -7553-00 Cole-Parmer Instrument Co., Chicago, 111., 60648), 
was used to circulate the electrolyte (45% ethanol, 55% HC1) 
via Tygon delivery tubes through the cell. The outcoming 
electrolyte containing corrosion products was firs t passed 
through a settling tank before returning to the original 
reservoir for recirculation. A bath of cold water around the 
main reservoir was used to maintain the electrolyte at room 
temperature.
The apparatus used for electropolishing of copper specimens 
was a modified version of the apparatus used in an earlier 
study by Srinivasan (176). This apparatus, as shown in Figure 
3.11, was designed for material removal from inside of a tube 
while keeping the outer surface of the specimen dry for strain 
measurements. I t  consisted of two glass support sections each 
having two teflon adapters. The adapters were machined such 
that, at one end, their inside diameter was equal to the 
outside diameter of the specimen ( to hold the specimen ) ,  and 
at the other end, their outside diameter was equal to the 
inside diameter of the glass sections. A concentric hole 
drilled through the adapters served to position a solid 316
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Figure 3.11. Apparatus for Material Removal from Inside
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
stainless steel rod in the middle of the specimen as the 
cathode of the cell. The glass sections provided rigid 
support for both the specimen and the cathode rod while 
allowing visual monitoring of the process. O-rings provided 
adequate seals between the support sections, specimen, and the 
cathode rod.
3.4.4 Calibration of Electropolishing Process
Experimental procedure for measuring residual stresses 
involved the measurement of developed strains, at a prescribed 
time interval, as thin layers of stressed material were
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removed from the specimen. However, the equations for 
determining the residual stress distribution (3 .9 ,3 .10), 
require a knowledge of the developed strains as a function of 
the radial position of the layer being removed. Thus, a 
calibration curve giving the radial position of the layer 
being removed as a function of polishing time was necessary to 
convert the strain-time data to strain-radius data.
According to Faraday's law, as given by equation (3.22), 
the rate of weight loss during electrochemical polishing at a 
given current is constant. Thus,
m = k (3 .24)
Referring to Figure 3.12, in the case of material removal from 
the outer surface, the mass of material removed can be 
expressed as
m = pv = pLrt(b2 - r2) (3 .25)
Upon differentiating above equation with respect to time, one 
obtains:
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Figure 3.12. Cylindrical Specimen Undergoing 
Electro - Polishing.
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m -  -2pL7trr = con st .  = k (3 .26)
or,
£  - 4 t '  4 ' '  dr <3 27>
which upon integration yields




r2 = - ^  t  ,  b2 (3.29)
For the case of material removal from inside, a similar 
approach yields,
= <3 - 3»>
Equations (3.29) and (3.30) indicate that the square of the
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radial position of the material being removed is a linear 
function of electropolishing time. In  order to find the 
constants relating r 2 and t in above equations, several dummy 
specimens were electropolished. The experiments were 
interrupted at prescribed time intervals and the instantaneous 
radius of electropolishing was measured and recorded. In  
order to minimize the error, measurements were taken at three 
different locations along the length and at five different 
positions along the circumference of the specimen for a total 
of fifteen measurements. The arithmetic average of these
fifteen readings was used as the radial position of the 
electropolishing process for the total time of polishing. The 
calibration experiments were repeated for three dummy 
specimens and results were plotted as the square of outside 
radius vs. time. A straight line was then fitted through the 
data using least squares analysis as shown in Figures 3.13 and 
3.14.
In the case of Zircaloy-4(R) specimens (material removal 
from outer surface), electropolishing was conducted under the 
following conditions:
Specimen : Zircaloy-4(R)
Length: 38.1 mm (1.5 in .)
O .D .: 10.92 mm (0.43 in .)
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Thickness: 0.635 mm (0.025 in .)
Current: 1.5 A 
Voltage: 4.0 V
Electrolyte: 45% HC1, 55% Ethanol
( 1 /2  used + 1 /2  fresh)
Electrolyte Flow: 660 ml/min.
The calibration equation at the above polishing conditions 
was determined and is given by the following equation
r2 = -0.000045966t + 0.046770293 (3.31)
In the case of copper specimens (material removal from 
inner surface), electropolishing was conducted under the 
following conditions:
Specimen: Copper
Length: 10.16 cm (4.0 in .)
O .D .: (0.586 in .)
Thickness: (0.040 in .)
Current: 9.0 A 
Voltage: 5 V
Electrolyte: 10% H3P04 + 90% H20
Electrolyte Flow: 1100 ml/min.
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Figure 3.13 Calibration Curve for Electropolishing of 
Zr-4(R) Specimens From Outer Surface
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Figure 3.14 Calibration Curve for Electropolshing of 
Copper Specimens From Inner Surface
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The calibration equation at the above polishing conditions 
was determined and is given by the following equation
r 2 = 0.00009549802t + 0.07404401 (3 .3 2 )
3.4.5 Instrumentation for Strain Measurements
Although the electronic instruments used for measurement of 
strains are relatively simple, they require careful selection, 
installation, and instrumentation. Improper utilization of 
the instruments may result in unrealistic errors in the 
measurement of strain. The required instruments could be 
purchased from commercial suppliers in this field
(Measurements Group, In c ., BLH Electronics, e tc .). However, 
when the operating budget is a constraint, these instruments 
could be home-made for a fraction of the cost. Needless to 
say that the latter approach was taken in this investigation.
Figure 3.15 shows an overall schematic of the
instrumentation involved in the measurement of strains. It
should be noted that the instruments shown in Figure 3.15, 
only represent the minimum required for strain measurements. 
A number of signal-conditioning devices could be added to the 
circuit in order to improve the accuracy of the measurements.
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Figure 3.15. Schematic Diagram of the Strain-measurement 
System
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The instruments utilized in this study included:
1 ) strain gage
2 ) Wheatstone Bridge
3) Voltage Amplifier
4) Analog-to-Digital Convertor
5) Temperature Control Device
6 ) Mini-Computer
The following is a brief description of the operation and 
the role of each device in the strain measurement system.
3.4.5.1 Strain Gage
Strain gages used in this study were obtained from 
Measurements Group, Inc. Experiments on Zircaloy-4(R) 
specimens required small tri-element gages (gage if
EA-03-031RB-120 ) ,  while larger gages (gage #
CEA-06-062UT-120) were used for strain measurements on copper 
specimens.
The strain gage can be considered as the starting point of 
the measurement system. This device is essentially a simple 
electrical resistor, but it  has been specially designed to be 
easily bonded to the surface of a solid object. The
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electrical-resistance strain gage is based on principles 
established by Lord Kelvin (177) in a classic series of 
experiments conducted in 1856. These principles state that 
the electrical resistance of the gage changes when a strain is 
encountered in the direction of its sensing grids. The 
dimensionless relationship between the change in gage 
resistance and the change in length is called the "gage 
factor" of the strain gage and is expressed mathematically as
F = (3.33)
In the above equation, AR is the amount of resistance change 
in the gage, corresponding to a particular load, which is 
measured by some sensing device. The values of R, the nominal 
gage resistance, and F, the gage factor, are part of the 
information that is supplied by the strain gage manufacturer. 
Therefore, the only unknown quantity remaining in equation 
(3.33) is A L/L, the unit strain. Equation (3.33) can be 
rewritten in the form
_ AL _ AR/R 
L -  T ~ "
(3.34)
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The above equation states that the unit strain is equal to the 
unit change in resistance divided by the gage factor.
In  order to make use of the strain gage, it must be 
connected, in some circuit for measuring small changes in the 
resistance. The most widely used circuit for precision 
measurement of resistance is a Wheatstone bridge circuit.
3 .4 .5 .2  Wheatstone Bridge Circuit
As shown in equation (3.22), measurement of strain requires 
a knowledge of the change in resistance of the gage due to the 
applied load. This change in resistance in most cases, is a 
very small quantity and could be determined by measuring the 
initial (unstrained) resistance, R0, and the resistance of the 
gage under loaded conditions, R ,, and then subtracting the 
smaller from the larger. However, in most engineering 
applications, the change in resistance is within 1 /1 0 0 0  ohm. 
This requires that R0. and R, to be known to an accuracy of 
0 . 001% or better, since in the subtracting process the first 
four or more significant figures will drop out.
Conventional ohmmeters are not capable of measuring 
resistance with sufficient precision to detect such small 
differences. However, a form of electrical circuit known as
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"bridge" type can be employed for precision measurement of 
resistance. This system was firs t introduced by S. H. 
Christie in 1883, and named the "Wheatstone Bridge" after Sir 
Charles Wheatstone, who firs t made significant use of the 
principle. The constant-voltage Wheatstone Bridge consists of 
three parts as shown in Figure 3.16. These are the constant-
voltage source E ., four resistors R( , R4, R3,and Rx arranged 
in the bridge configuration and the read-out circuit 
consisting of a load resistance RM. The value of RM is large 
enough to assume that no current is drawn from the bridge.
For the Wheatstone Bridge, the output voltage (the 
difference between voltages E B and ED) is given by
E1E3 ~ E2E4
Eo = (R 1+R2 )(R 3+R4 ) Ei  ( 3 ‘ 3 5 )
Equation (3.35) indicates that the initial output voltage will 
vanish (E = 0 ) if
RjR3 = R2R4 (3.36)
When equation (3.36) is satisfied, the bridge is said to be 
"balanced." Assuming that R( is an unknown resistance, Rz and





Figure 3.16. Constant-Voltage Wheatstone Bridge Circuit
Figure 3.17. Mechanical Analog of Wheatstone Bridge
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R are "ratio arms," and R.. is a resistance whose value is 
known precisely, the value of the unknown resistance R , in a 
balanced bridge, is given by
R2 R4Rj = (3.37)
A mechanical analog of the Wheatstone Bridge is a simple 
balance system as shown in Figure 3.17. The unknown weight in 
the figure represents the unknown resistance R and the small 
known weight the resistor R^ . Similarly, the respective 
moment arms of these weights from the fulcrum are equivalent 
to R a and Rs. Knowing that, for a balanced lever, R, R3 = R^R^ 
the weight of R , can be obtained by multiplying the known 
weight R^ by the ratio R ,/R j •
Each element of the strain gages used in this study were 
connected in a separate Wheatstone Bridge as shown in Figure 
3.18. The resistances R£ ,R3, and R^ were 120 ohm precision 
resistors and the supply voltage of the bridge was 5 VDC. 
This configuration seemed to be sufficient since all of the 
measurements were taken at room temperature via a temperature 
controlling device. Since the resistance of each strain gage 
was usually slightly different, the Wheatstone Bridge for each
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Gage
Figure 3.18. Strain-Gage Arrangement, Calibration, and 
Balancing of Wheatstone Bridge
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individual element had to be balanced prior to calibration. 
This was achieved by employing a variable resistance resistor 
(potentiameter circuit), Rh, in the bridge circuit as shown in 
Figure 3.18. By adjusting Rb, the bridge was brought back to 
a balanced state and the relationship of equation (3.36) 
reestablished.
The initial unbalance of the Wheatstone bridge could be 
contributed to the small diameter ( high curvature) of the 
specimens which resulted in bending of the gages and causing
their resistances to depart from their nominal values. As 
mentioned above, in order to balance the bridge, the active 
strain gages were shunted by potentiometers to bring their 
resistances down to the nominal values. However, although 
shunting the gages does not change the linearity, i.e . the 
output voltage is proportional to the strain sustained by the 
gage, but the gage factor is reduced.
The output voltage, V0 ., of a Wheatstone bridge 
corresponding to a strain, & , in an ideal self-balanced 
bridge is given by
V V
AR = • F .e .RV
s (3.38)o 2R
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where Vs is the supply voltage activating the bridge; F is the 
nominal gage factor; R is the nominal resistance of the gage; 
and A.R is the change in resistance of the gage corresponding 
to a strain e .
In a bridge circuit where the gage is initially shunted to 
balance the bridge, the output voltage is given by
where
Vo = - ^ ' A R = - ^ * F ' - e -R ( 3-39>
R2 1 1F ' = f -  + - i r )  (3 .40)
V  V
In above equation, R ( and R2 are the resistances of two active 
arms and F’ is the average gage factor of the circuit. Since 
bending of the gages increases their resistance, equation 
(3.40) indicates a decreased gage factor.
Once the Wheatstone bridges were balanced, it  was necessary 
to calibrate them so that the measured bridge output could be 
converted to strain. As shown in Figure 3.18, the strain gage 
resistance in the Wheatstone bridge circuit was shunted by an 
open-circuited resistor of considerably higher value. When 
this resistor circuit was closed, a definite bridge unbalance
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resulted which can be considered as a synthetic, controlled 
strain. This strain was then used to determine the factor 
relating strain to bridge output.
As shown in equation (3 .34), the change in resistance of 
: strain gage (with known 
factor F) for a given strain is
the initial resistance Rg. and gage
AR = Fe Rg (3 .41)
Similarly, the change in resistance of the parallel 
combination of the strain gage and the calibration resistor is
“ =  R g  -  r V r  <3 - 4 2 >
g c
Equating the above to expressions and solving for e yields
£ '  F(R R ) <3 ' 43>8 c '
The above equations represent the strain corresponding to the
calibration resistance, R . ' The ratio of this strain to the
c
bridge output is used as the factor for converting the bridge
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output ,during actual measurements, to strain.
3 .4 .5 .3  Voltage Amplifier
As was pointed out earlier, the electrical resistance 
change due to the deformation of the gage is very small. 
As a result, voltage change associated with the Wheatstone 
bridge unbalance is very small. In order to detect strain 
accurately, an extremely sensitive galvanometer is 
required. However using an ultra sensitive galvanometer is 
not only expensive, but bridge balancing is likely to 
become more tedious.
An instrumentation amplifier increases the low-level 
voltage of the Wheatstone bridge to a level sufficient for 
use by a voltage recording device. This eliminates the 
need for a delicate and sensitive meter resulting in a more 
rapid balancing of the .bridge. The gain, G, of an 
amplifier is the ratio of the output voltage, Eo, to the 
input voltage, E>, in the linear range of the amplifier. 
Thus
EQ = GE. (3 .44)
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All amplifiers have a limited range where the performance 
is linear. The instrumentation amplifier used in this 
study had a gain of 2 0 0 .
3 .4 .5 .4  Analog-to-Digital Converter
Once the analog signal coming out of the Wheatstone bridge 
is amplified to a sufficient level, it is desirable to 





The two most popular analog-to-digital (A /D ) converter types 
are the shift-programmed successive approximation A/D  
converter for use in high-speed applications and the dual­
slope integrating A /D  converter for use in low-cost, low-speed 
applications.
The A/D converter utilized in this study was a dual-slope 
integrating converter with a reference voltage of 2.048 V . I t  
operated on the basis of integrating both the unknown bridge 
voltage and the known reference voltage. First, the unknown 
output voltage of the bridge, E8, was integrated for a fixed
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period of time, t | , by charging a capacitor. Second, the 
internal known reference voltage, Er , was then applied to the 
integrater, causing the charged capacitor to discharge towards 
zero. A timer measured the time, tr , required to discharge 
the capacitor to zero. The unknown bridge voltage was then 
calculated by using the equation
E
E. = ( ^ )  t r (3.45)
i
3.4.5.5 Temperature Sensing Device
The passage of current through the electrolyte resulted in 
an increase in the temperature of the electrolyte. This
change of temperature was as high as 20° F in the
electropolishing of copper specimens which was conducted at 9 
amps for 150-180 minutes. The problem of temperature was 
solved by placing the main reservoir of electrolyte in a bath 
of cold water. However, in order to insure that strain 
measurements were taken at room temperature, a temperature 
sensing device was employed in the measurement system.
The major role of this device was to delay the collection 
of the data (amplified and digitized output of the bridge ) , 
until the temperature of the specimen was brought back to room
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Figure 3.19. Schematic of the Temperature Sensing Device
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temperature by the ice bath surrounding the electrolyte main 
reservoir.
A thermistor was attached to the specimen to detect its 
temperature. The thermistor was in turn attached to a 
comparator circuit as shown Figure 3.19. This circuit was 
adjusted, prior to the experiment, such that the output
voltage of the circuit was zero, representing ambient
temperature. A rise in the temperature of the specimen during 
the experiment, lowered the resistance of the thermistor, 
which in turn resulted in an output voltage by the circuit. 
The computer program for data acquisition was written such 
that data would be taken when the output voltage of this 
circuit was zero. This delayed the data acquisition process 
until the output voltage of the circuit was back to zero, 
indicating that the specimen was at the same temperature as it 
was (ambient) before the experiment began.
3 .4 .5 .6  Current Reversal Circuit
Constant material removal by the electrolysis process, not 
only requires constant current but also constant current 
density and constant current efficiency. The accumulation of 
the corrosion products in the gap between the specimen and the 
cathode, results in a decrease in current density and current
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efficiency. If  allowed to continue, build-up of corrosion 
products could eventually bring the process to a halt.
Continuous flow of electrolyte helps to remove the 
corrosion products from the gap. However, in electropolishing 
copper specimens, it was observed that the copper ions 
dissolved in the solution, were plated back on the cathode rod 
thereby narrowing the gap between the electrodes. This build­
up of copper on the cathode rod continued until the gap was 
completely closed and the process stopped.
A current reversal circuit, incorporated in the measurement 
system, served to clean the cathode rod after each polishing 
period. This was achieved by employing a pair of relays in 
the circuit shown in Figure 3.20. After each period of
polishing (5 m in .), The computer signaled the circuit to 
reverse the direction of the current (for 10-15 seconds) 
thereby removing the built-up copper from the cathode.
3.4.5.7 Mini-Computer
The mini-computer (Commodore 64) incorporated in the 
measuring system played an important role in the data 
acquisition process. I t  served as a means for automatic 
collection, transmition, processing, display, and storage of









Figure 3.20. Current Reversal Circuit
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the data.
A computer program was written to control the data
acquisition process. The electropolishing conditions, and 
information about the strain gages were fed to the computer 
prior to the start of the experiment. Once the experiment
started, electropolishing was conducted for a pre-specified
period of time. At the end of each polishing period, computer 
checked for the temperature rise in the sample, delayed the 
data acquisition until the sample was at room temperature, 
collected the data, and also removed the built-up metal on the 
cathode. This procedure was repeated until the specimen was
too thin to proceed.
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CHAPTER 4
FINITE ELEMENT METHODS 
IN  METAL-FORMING ANALYSIS
4.1 Introduction
With the ever-increasing demand for metallic products, a 
major goal in metal-forming research and development is to 
optimize the manufacturing processes while producing sound 
products. Although the optimization criteria may vary from 
one product to another, a common requirement is the 
determination of deformation mechanics involved in the 
processes. This has made the process modeling and simulation 
an important area in modem metal-forming technology.
Accurate analysis of a manufacturing process requires 
knowledge of the governing field equations and their suitable 
solution techniques. As mentioned in the preceding chapter, a 
number of approximate techniques have been developed for 
analysis of various metal-forming processes. These techniques 
have been successfully utilized in approximating forming
144
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loads, over-all geometry changes of deforming workpieces, 
qualitative modes of metal flow and optimum process 
conditions. However, it has only been in recent years that 
due to the complexities encountered in developing exact 
analytical models for complete simulation of metal-forming 
processes, the finite element method (FEM) was introduced as 
an alternative approach for accurate determination of the 
effects of various parameters involved in the processes on the 
detailed metal flow.
The finite element method is based on the fundamental 
concept that any continuous quantity, like temperature, 
pressure, or displacement, that is defined over a region of 
space called the domain, can be approximated by a set of 
piece-wise continuous functions defined over a finite number 
of sub-domains or elements (178). Each element is then 
analyzed separately by choosing some interpolation functions 
for the element variables and minimization of the functions 
governing the problem. The interpolation functions could be 
in the form of approximate functions for displacement 
(velocity) or for stress or for both of them in hybrid 
technique. These approximate functions, which are usually 
simple polynomials, are defined in such a manner that 
preserves continuity across element boundaries and satisfies 
the admissibility and completeness conditions for the problem.
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The elements are joined to each other at points called nodes 
which could be defined as the spatial-fixed reference points 
in the Eulerian technique or as the material-connected 
reference points of the Lagrangian formulation. The matrix 
for the whole continuum is formed by contributions of the 
matrices of the elements which are functions of the nodal 
unknowns (nodal point parameters). The variation of the 
function governing the problem with respect to the nodal point 
parameters results in a system of equations which can be 
solved to yield either a velocity field (rigid-plastic method) 
or displacement field (elastic-plastic method). The strain 
rate and stress fields are then obtained according to the 
boundary value problem and material law. More details about 
the method can be found in several standard textbooks on the 
subject (178-182).
With the advent of computers, finite element methods have 
gained considerable popularity among researchers for analysis 
of such metal-forming processes as forging, extrusion, 
drawing, rolling, etc. FEM not only offers an accurate means 
of predicting forming loads, it is also capable of determining 
stress and velocity distribution in a workpiece with complex 
geometry and boundary conditions.
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4.2 Constitutive Models
There are various finite element methods for analysis of 
plastic flow problems. These methods not only differ in their 
solution techniques, but also in the constitutive model of 
the metal. Some of the constitutive models and their 
advantages/disadvantages are described below.
4.2.1 Rigid-Plastic Model
A rigid-plastic analysis is suitable if  the requirement is 
a reasonable estimate of the load or pressure to carry out a 
forming operation or if  it  is required to investigate how the 
load is affected by changing certain process parameters.
The usual assumption in a rigid-plastic model is that the 
elastic deformation is small compared to large plastic
strains. Therefore, the elastic part of the deformation can 
be neglected in the mathematical formulation and thus the 
solution procedure is simplified. The rigid-plastic FEM is 
characterized by the use of variational principles and the 
material law of Huber-Levy-Mises where homogeneous, isotropic 
kinematic hardening and incompressible material is assumed.
Rigid-plastic analysis is obtained as the limiting 
specialization to adiabatic rate-insensitive situations. The
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wide range of successful applications in metal-forming 
processes, combined with computational efficiency, has made 
this method one of the most valuable tools for the numerical 
analysis of forming processes. However, despite the numerous 
advantages of the rigid-plastic FEM, it  suffers a severe 
drawback in that it  fails to predict the stress history 
whenever elastic loading or plastic unloading are encountered. 
Accurate computation of the complete stress and deformation 
history are useful in predicting the final mechanical state of 
the product and for warning against possible defects in it. 
This motivated the second approach to large deformation 
analysis of metal-forming processes, namely, large strain 
elastic-plastic formulation.
4.2.2 Elastic-Plastic Model
In certain cases it may be necessary to resort to an 
elastic-plastic analysis, which is of course the case if the 
determination of residual stresses is the aim. This type of 
material model could also be of value if the onset of internal 
(or surface) cracks or domains of high strain concentration in 
bulk forming processes have to be assessed accurately. 
Similar remarks also apply to sheet metal forming processes 
when attempting to determine the onset of wrinkling or the
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development of zones of intense strain localization. For 
these types of problems, it  is essential that the method of 
solution be capable of establishing a current distribution of 
stress as a function of the deformation history which in turn, 
is governed by such factors as the geometry of the tooling and 
the prevailing frictional conditions. In cases where the 
deformation is ultimately a steady-state one (such as 
extrusion, drawing and rolling), the solution should converge 
to display this feature.
Other constitutive models utilized in FEM include 
viscoelastic, rigid-viscoplastic, elasto-viscoplastic, thermo- 
elastoplastic and thermo-viscoplastic. Details about these
models could be found in references (183-187).
4.3 Literature Review
Foundations of large strain analysis may be traced back to 
Hill (188, 189). I t  took some time, however, until Hibbit et 
al. (190) introduced the firs t complete finite element large 
strain formulation but no examples were shown. References 
(190-192) used a total lagrangian formulation (TLF) in which 
the reference state is the original undeformed configuration. 
The alternative procedure of using the current state under 
consideration as the reference state, which is known as the
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updated Lagrangian formulation (ULF), was far more appealing 
to investigators, because of its relative simplicity compared 
with TLF. Treatment of contact boundary conditions and 
configuration dependent problems are more easy, in general, 
using ULF. Elaborate discussions of ULF may be found in 
references (193-195).
During the 1970's two major approaches were introduced to 
investigate the large deformation metal forming problems 
(196). First, the "flow" approach, in which the metal is 
assumed to be a non-Newtonian fluid having a visco-plastic or 
rigid-plastic behavior. It  is further assumed that the 
elastic deformation can be ignored compared to large plastic 
strains and thus solution procedure is simplified. In 1973, 
Kobayashi and Lee (197) developed the rigid-plastic material 
characterization and demonstrated that the rigid-plastic FEM 
could be applied to metal-forming analysis efficiently. 
Advancements ift process simulation using this method have been 
made by improving the technique and expanding its capabilities 
(198-210). A generalization of the rigid-plastic FEM was used 
by Zienkiewicz et al. (211,212) and others (206). this is 
based on a viscoplastic formulation and is capable of 
analyzing hot, rate dependent processes. Rigid-plastic 
analysis is obtained as the limiting specialization to the 
isothermal rate-insensitive situations. All examples in
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references (213,214) belong to such special cases, i.e . rigid- 
plastic analysis. Other examples of the use of rigid-plastic
models for metal behavior are the work of Alexander and co- 
workers (215,216).
In simulations of isothermal forging using a rigid-plastic 
model, Alexander (216) found that the metal flow, as predicted 
by the program very closely represented those seen in 
practice. Alexander's simulation of hydrostatic co-extrusion 
of copper-clad aluminum (215), revealed that the interface was 
not conical, as assumed in many upper bound analysis. The 
grid distortion showed that the core moved faster than the 
clad suggesting that failure by clad fracture is more likely 
when interfacial shear strength is low.
The wide range of successful application of rigid-plastic 
model in the above-mentioned works, combined with 
computational efficiency, means that this approach is one of 
the most valuable tools for the numerical analysis of forming 
processes. However, as mentioned in the preceding section, 
this method is not capable of making predictions regarding 
residual stresses in the product and warning against possible 
defects in it.
The second approach to the analysis of metal forming 
processes by the finite element method (217) is the "solid"
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approach. In  this method, the metal is assumed to behave as 
an elastic-plastic solid (218-220). This method has the 
advantage that it  provides a knowledge of the residual stress 
pattern which is useful in determining defects in the product. 
However, the method has severe restrictions on strain 
increment step size, thus making it expensive to use.
One of the earlier attempts to incorporate an elastic- 
plastic model in the FEM analysis of metal-forming processes 
is the work by Iwata et al. (220). Assuming a bi-linear flow 
curve with a constant plastic strain hardening, they were able 
to determine the stresses developed in the forming region and 
found that tensile axial and circumferential stresses develop 
at the exit plane of the die. They concluded that elastic 
recovery of the metal upon exiting the die was one of the 
causes of surface defect formation.
Key et al. (221) utilized the elastic-plastic capability of 
HONDO-II program to analyze several metal-forming problems 
like extrusion, rolling, and sheet stretching. Other 
investigators (222,223) have found that when simulating solid 
cylinder upsetting and back extrusion using elastic-plastic 
formulations, it  is difficult to handle the problem of metal 
folding over the edge of the punch (223) with an updated 
Lagrangian formulation and it may be necessary to remesh at
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frequent intervals. More examples of the application of 
elastic-plastic FEM to analysis of metal-forming operations 
can be found in references (224-231).
Increasing interest of analysis of hot forming processes in 
early 1980's, led to development of new FEM that included the 
effect of temperature on the forming process. The need for 
such a model was justified by the fact that the assumption of 
isothermal processing is no longer applicable if  the heat 
generation following energy dissipation in the plastic 
deformation is large. If  the material is temperature 
dependent, the deformation process becomes highly coupled with 
the energy balance. Most of the applications in hot forming 
follows thermo-viscoplastic (rigid-plastic) models of 
Zienkiewicz and Kobayashi and their co-workers (232-236). 
Other research workers have also attempted thermal 
mechanically coupled analysis of elasto-plastic or elasto- 
viscoplastic materials (237-239).
An extensive literature search revealed that although 
numerous publications are available on the FEM analysis of 
metal-forming processes such as extrusion and rolling, no 
attempt has been made to investigate the tube drawing process 
utilizing FEM. In  this investigation an elastic-plastic 
finite element code was utilized to analyze the tube drawing
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process with special emphasis on the effect of area reduction, 
die angle and plug angle on the residual stress distribution 
in drawn copper tubes.
4.4 The Finite Element Program (ABAQUS1
ABAQUS finite element program developed by Hibbitt, 
Karlsson and Sorensen, Inc. was utilized in this 
investigation. The program is capable of handling elastic - 
plastic and elastic-viscoplastic material responses. The 
following sections describe the basic theory, the governing 
equations, the constitutive equations, arid a typical input 
file associated with the program.
4.4.1 Basic Theory
4.4.1 .1  Deformation
In a typical deformation analysis, having described the 
initial configuration of the body, it is required to determine 
the deformation throughout the history of loading. Referring 
to Figure 4.1, a point P on the body initially located at some 
position a .(i= l,2 ,3 ), is moved to point Q with coordinates x .A A
(i= l,2 ,3 ).
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Figure 4.1 Deformation Coordinate System
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Assuming that the change of configuration of the body is 
continuous, and the point transformation (mapping) from P to Q 
is one-to-one, the transformation equation for every point in 
the body can be written as
X. = Xi (a1, a2 , a3) ,  ( 4 . 1 )
which can be inverted to give
ai  = ai (xr  x2* V  (4,2)
The functions x , (a( , afc, a^) and a , (x ( , x^, x3) are assumed 
to be continuous and differentiable at each of their variables 
as many times as required.
The displacement vector U can be then described as
U. = x. -  a.  1 1 1 ( 4 .3 )
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4.4.1.2 Strain Measures
Accurate measurements of strain require distinguishing 
rigid body motion. Consider the infinitesimal gauge length ds 
in the undeformed configuration. A measure of the initial and 
current lengths can be given by:
2 2 dSz = dXj +
and
2 2 dx2 + dx3 (4 .4 )
2 2dS = daf + o 1 da2 + da,. (4 .5 )
The stretch of the gage length, dse, is defined as:
T\   dS r dx * dx i / M /% \
x -  dsT = [TT - — 1 ( 4 -6)
0  da • da
In  the above equation if \=  1, there is no strain and the 
gage length has only undergone rigid body motion.
Equations (4.4) and (4.5) can be rewritten as
dS = 6 . .  da. da. = 6 . .o ±j i  j  ' i j  bx0 Sx '“k£. ““m ’
d a . d a . _1 dx.  dx (4.7)
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The difference between equations (4.7) and (4 .8 ) can be 
written as
9 9
dSz -  dSz = (8 . —2  -  6 . .)o Jin 3a.  9a.  ij
i  J J
(4.9)
or as
9 9 ^3n 3a
dS -  dS = (6 . . -  6 . 5 -^ —2)  o i j  £m 8 x. 8 x.
i  J
(4.10)
The strain tensors are defined as
, 8 x .  dx
_ I  r *   £  m -
i j  “ 2  1 £m da. da. '  i j
i  J J
(4.11)
and
h. . = i  i j  2
dx. 8 x
t6i j  • ^  § rJi  j
(4.12)
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where e . .  is the Green's or material strain tensor (also 
i j  v
called Lagrangian strain tensor), and h „  is the Cauchy's or 
Almansi's strain tensor (also called spatial or Eulerian 
strain tensor).
Using equation (4 .3 ), and after some mathematical 
manipulation, the Green's and Almansi’s strain tensors may be 
written as:
au au au au 
e i j  = 2 [3a. + 3a7 + 3a7 BaT1 (4 -13)
i  J i  J
and
au au au au 
hij  •  I  ^  ♦ s r  - S T  s ir 1 <4-14>
1  J 1  J
In  unabridged notations (x , y , z for x ( , x£, x^; a, b, c for a, 
, aa , a^; and u, v , w, for u( , ua, u3) ,  one can write the 
Green's (material) and Almansi's (spatial) strain tensors in 
the following form
ab 2 l 3b 9a ^ a  3b 3a 3b 3a 3b-”
(4.15)
h -  I  r§U + ,
xy “ 2 3y 3x '  '■ax 3y 3x 3y 3x 3y*J
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4.4.1.3 Rate of Deformation
The constitutive relationships for path dependent materials 
are defined in rate form. For this purpose, a convenient 
'strain rate' measure of 'rate of deformation' should be 
established. The material description of the velocity vector 
can be expressed as the time derivative of the displacement 
vector; thus,
The rate of deformation matrix (the 'strain rate' matrix) is 
defined as
The spin matrix is given by
(4.16)
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4.4.1.4 Stress Measures
Denoting the ’true’ or Cauehy stress tensor by [a] , the 
Kirchhoff stress matrix can be written as
reference configuration.
Kirchhoff s measure of stress is useful in development of 
plasticity theory at large strains with materials that are 
strongly sensitive to stress (as is the case with elastic - 
plastic and elastic-viscoplastic constitutive theories) since 
it  is known that a ductile material yields when 'true' stress 
reaches a critical value, but that the material exhibits 
elastic response throughout its deformation.
In cases of large rotations and small strains, the second 
Piola-Kirchhoff stress tensor is readily interpreted as given 
by
(4.19)
where P and P° are the material densities in the current and
o d a . d a .
Q —
j i  p dx .  dx £m 
Ji m
(4.20)
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However, for general motion including large strains, [ s ]  is 
not readily interpreted physically and for these cases, the 
Kirchhoff stress is preferable for the types of elastic - 
plastic or elastic-viscoplastic materials considered in 
ABAQUS.
4.4 .1 .5  Stress Rates
Constitutive equations for elastic-plastic or elastic- 
viscoplastic models appear in rate form. Therefore it  is 
important to define rate of Kirchhoff stress for use in the 
constitutive equations.
The material rate of the unsymmetric second Piola-Kirchhoff 
stress tensor is given by
However, the rate of Kirchhoff stress is not simply the 
material time rate of Kirchhoff stress [t] , since the
Kirchhoff stress components are associated with spatial 
directions in the current configuration, and therefore [dx] 
will be non-zero if there is pure rigid body rotation. The 
Jamman rate of Kirchhoff stress tensor is given by
9S. .
c = *-3
i j  at (4.21)
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*o (4.22)x.
4.4.2 Governing Equations for Elastic-Plastic Deformation
Ductile metals most commonly encountered in metal-forming 
analysis, exhibit elastic response as well as some form of 
history dependent inelastic behavior. Hill (240) suggests 
that in an adiabatic process (one in which the only energy 
interchanges are mechanical - in particular, no thermal energy 
interchanges occur) assuming rate independent mechanical 
properties for the metal, the relationship between stress rate 
and strain rate can be postulated as
Stress rate component = f  (strain rate components) (4.22)
Hill (240) showed that an expression having the above form can 
be conveniently expressed in terms of some reference 
configuration as a Lagrangian description of the deformation 
process. Such deformation is assumed to be stable if  it 
satisfies the Lagrangian description of the rate equation 
given by the expression:
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where [s] is the material rate of the unsymmetric nominal 
stress tensor (Lagrange or firs t Piola-Kirchhoff stress 
tensor) {b} and {f} are the rates of the body force intensity 
vector and the surface traction, respectively; {x} is the 
position vector of a material point; and all integrations are 
performed with respect to the reference configuration. The 
advantage of using the reference configuration for the 
position variables is that partial derivatives with respect to 
time then refer to variations at a specified material point 
and thus include the convected components. In  addition, 
variational principles would comprise integrals over a fixed 
volume with no boundary motions to consider.
In the Eulerian formulation, the current configuration is 
used for the position variables. This is physically more 
meaningful, since the laws of plasticity which refer to the 
yield condition and plastic flow beyond yielding, are commonly 
defined relative to the current configuration. For example, 
description of the flow curve involves measurements of true 
stress and true strain, which are both defined with respect to 
the current geometry.
The "Updated Lagrangian Formulation" combines the total 
Lagrangian and Eulerian schemes to take advantage of the use 
of referential coordinates for time derivatives and
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variational expressions, and of current coordinates for the 
plasticity laws. In  this approach, the configuration at time 
t  is taken as the reference configuration for displacement 
increments in the time interval (t , t + A t ) . This formulation 
was firs t given by Hill (240) and expressed for finite-element 
analysis by McMeeking and Rice (241) as
A , 6Di j  + CTi j  6 (Dik Dk j '  vk , i vk , / 2» dV
(4.24)
= L  f  6 v .  dS + b .  6 v .  dV S i  ■'V l  i
where commas indicate partial differentiation with respect to 
the current cartesian coordinates of a material point. [ 
is the Jaumann stress rate of the Kirchhoff stress tensor, [x] 
and is given by
x°. = x. . -  W.. x. . + x., W. . (4.25)
i j  i j  i k  kj  i k  k j
[x ° ]  is related to [S]  by the equation
In  the above equation, [cr] is the Cauchy stress tensor and is
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t y  = (p°/p)a... (4.27)
where p and p° are the material densities in the current 
and reference configurations. The rate of deformation tensor, [D] 
, is given by
D . . =  ( v .  . + V.  . ) / 2  (4.28)
i j  J , i
and the spin tensor, [w] , is expressed as
W.. = (V. . - V. J /2  (4.29)
i j  i . J  J » i
The updated Lagrangian formulation of McMeeking and Rice (241) 
has proven to be an effective theory in the field of large 
incremental elastic-plastic deformation (242). This 
formulation was further improved by Mallett et al. (243-244) 
to take into account the fact that for an incremental 
procedure, p° and therefore [x°] changes for each step. He 
suggested that this difficulty could be overcome by redefining
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the Kirchhoff stress. Denoting the density of the fixed
initial configuration by pq , the Kirchhoff stress [ x J can
be expressed as
t . . = (p / p ) a . .i j  vrV  r '  i j (4.30)
The new Jaumann stress rate can be then written as
*
x (4.31)
Substituting above equation in equation (4.24) yields the 
following equation which is the basis of the formulation for 
elastic-plastic incremental finite-element procedure.
= f f .  6 v.  dS + f b 6  v .  dV Js 1  1  Jv 1
4.4.3 Constitutive Equations
ABAQUS considers elastic-plastic and elastic-viscoplastic 
material responses, using classical time independent and time 
dependent plasticity theory. This provided a useful model for 
this investigation since ductile metals used in metal forming
v. , /2) )dV
(4.32)
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exhibit elastic response as well as some form of history 
dependent inelastic behavior.
The elastic-plastic model implemented in this analysis, 
assumes a linear elastic behavior below the yield point, Von 
Mises yield criterion and a region of inelastic behavior which 
must be defined by the user for the specific material under 
investigation.
The material is assumed to have, at any time, a single
region of response to strain in which the response is purely 
elastic, namely, "elastic domain." The bound of this domain 
at any time is called the yield surface. I f  E and v are the 
Young's modulus and Poisson’s ratio, respectively, then the 
rate of deformation tensor for elastic loading and unloading 
is expressed by
e 1 + v ^ vD • = t . . - ^ 6 .. T.. (4.33)i j  E i j  E i j  kk  v '
The plastic deformation is associated with irreversible 
motions in the material microstructure, such as dislocation 
motion and grain boundary slip. The rate of deformation 
tensor for plastic deformation is given by
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Where primes indicate deviatoric or shear type components; h 
is the slope of the flow curve or the strain-hardening 
coefficient associated with plastic strain in simple tension; 
and the current yield stress in tension (equivalent Kirchhoff 
stress), t , is defined by
= (4.35)
2 i j  i j
The mathematical description of the combination of elastic and 
plastic responses can be written in terms of the rate of 
deformation tensor as
D. . = D ? . + D?.  
i j  i J  i J
(4.36)
Substituting equations (4.33) and (4.34) into above equation, 
forms the incremental or rate structure of elastic-plastic 
constitutive relation expressed by the following equation:
_  1 + V *  V -  *  3 Ti j  XkH *
Di j  "  E Ti j  '  E 6 i j  Tkk 2 h  - 2  k£ ( 4 ’37)
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The last term in above equation is the plastic strain rate 
component and is omitted for stress levels below the yield 
point or for unloading, since then only elastic strain rate 
components arise. Above relation corresponds to isotropic 
work hardening and the variation of the strain-hardening 
coefficient h with strain is determined from an experimental 
stress-strain curve in simple tension.
Equation (4.37) can be rearranged to express the stress 
rate in terms of the strain rate tensor as given by Yamad et 
al. (245),
T . . = 2G(D.. + . V .  6 . .  D. . )i j  i j  1 -  2 v i j  kk'
3 t . T/ „
+ ------    • —i j — — d
1 + (h/3G) 2  -2 uk£
where G is the shear modulus of the material.
(4.38)
4.4.4 Rigid Surface Definition
Modeling of the die and plug surfaces was carried out 
utilizing the interface elements of the program. These 
elements allow modeling of contact and friction conditions 
between a deforming body and an arbitrarily shaped rigid 
surface (In  this case die and plug) that may move during the 
history being modeled. The rigid surfaces of die and plug
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were defined in two dimensions (axisymmetric) with a series of 
line segments. The "smoothing" feature of the program
provided for smoothing of corners in the rigid surface 
resulting from the specification of line segments.
ABAQUS has the capability of incorporating "rigid" or 
"soft" surface interaction between the rigid surface and 
deforming body. The pressure-clearance relationship available 
by default is shown in Figure 4.2-a where zero contact 
pressure is assumed for any value of clearance and any 
pressure is possible when contacting surfaces are in contact. 
The alternative behavior (figure 4.2-b), as utilized in this 
analysis, allows the introduction of an exponential pressure- 
clearance relationship. In this model the pressure is assumed 
to rise exponentially as the surfaces approach each other 
below a limiting value of separation as shown in Figure 4.2-b. 
This model is more realistic and its use in the analysis 
provided improved numerical performance. The model was 
defined by giving the clearance at which the contact pressure 
is zero (Point C in Figure 4.2-b) and the pressure at zero 
clearance (P ° in Figure 4 .2-b). Some experimentation with the 
values of C and P ° was necessary to improve the convergence of 
the program.
Modeling of the friction between the die (rigid surface)




Any pressure possible when in contact








Figure 4.2 Pressure-Clearance Relationships 
Available in ABAQUS
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and the workpiece by defining the coefficient of friction for 
use with interface elements. Classical Coulomb friction
(Amonton's Law ) was assumed. This theory assumes that once 
the surfaces are in contact they do not slip until the shear 
stress tries to exceed the friction limit which varies 
proportionally with the normal (compressive) stress between 
the surfaces. The proportionality factor, p , is the
coefficient of friction (a value of 0.05 was used in this 
analysis).
4.4.5 Procedures
Due to the non-linear nature of the finite element models 
available in ABAQUS, an analysis may involve from a few to 
several thousand variables. The equilibrium equations
obtained by descretizing the virtual work equation can be 
written in terms of these variables as:
= 0 (4.39)
where i 1* is the force moment conjugate to the Nth variable in 
the problem, and u"1 is the value of the Mth variable.
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The numerical technique implemented in ABAQUS for solving 
the equilibrium equations at any time in Newton's method.
However, this method was found to be inefficient for the 
purpose of this analysis and an alternative algorithm 
(modified R ik's), offered by the program, was used for solving 
the equilibrium equations.
In order to solve above equation throughout the history of 
interest, the solution must be developed by a series of 
"small" increments. The following sections give a brief 
description of the scheme used for choosing the increment 
size, and the algorithm for solving the equilibrium equations.
4.4.5.1 Static Analysis
Static analysis option was chosen due to the absence of 
inertia forces. In  solving a static problem, the program has 
the option of user specified load incrementation or automatic 
incrementation scheme based on user specified tolerances. The 
former option is primarily useful when the convergence 
characteristics of the problem are known (due to familiarity 
of the analyst with the problem) and the load steps can be 
chosen accordingly.
In this analysis automatic load incrementation was used to
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allow the program to choose appropriate load steps. The 
adaptive load step algorithm used in ABAQUS is based on the 
principle that for a given increment size, the program 
internally monitors the maximum force and moment residuals, 
and, after four iterations (if the solution has not yet 
converged), it  estimates whether the maximum force and moment 
residuals at the ith  iteration (where i is the maximum number 
of iterations allowed per increment) will be within the 
tolerance specified by the user. I f  not, the solution is
diverging. In this case the increment is considered too large 
and is cut to 25 percent of its size. The solution is the 
started over again from the end of the previous increment.
This type of subdivision continues until either the solution 
starts to converge or the increment size exceeds the minimum 
size specified by the user in which case the run is
terminated. On the other hand, if  in two successive 
increments, convergence is achieved in less than MITER/2 
iterations (where MITER is the maximum number of iterations 
allowed per increment), the increment size is increased by 25 
percent for the next increment up to the maximum increment 
size specified by the user.
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4.4.5.2 Modified Rik’s Algorithm
In large strain plasticity problems, such as the one in 
this study, it is often necessary to obtain nonlinear static 
equilibrium solutions when the load displacement response may 
exhibit the type of unstable static behavior as shown in 
Figure 4.3; i .e . ,  during some periods of the response, the 
load and/or displacement may decrease as the solution evolves.
Several methods have been proposed and applied to such 
problems (246-248), the most successful of which seems to be 
the modified Rik's Algorithm. The essence of this method is 
to locate and traverse an equilibrium path in a space defined 
by nodal variables and the loading parameter. In the modified 
Rik's Algorithm, as it  is implemented in ABAQUS, this is done 
by moving a given distance (determined by the program's 
standard, convergence rate dependent, automatic incrementation 
algorithm for static cases) along the tangent line to the 
current solution point and then searching for equilibrium in 
the plane that passes through the point thus obtained and that 
is orthogonal to the same tangent line as shown in Figure 4.4.
I t  should be mentioned that the basic algorithm remains the 
Newton's method, and therefore at any time there will be a 
finite radius of convergence. This and the fact that many 
materials of interest will have path dependent response,
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Load
Figure 4.3 Typical Unstable Static Response




Figure 4.4 Modified Rik's Algorithm
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^Th is  direction will be 
chosen and w ill take 
the solution the wrong way 
along the equilibrium  
path.
Figure 4.5 Example of Incorrect Choice of Direction
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requires that size of the increment be limited. In cases 
where the increment size is too large, or the solution shows 
very high curvature in the load-displacement space, the method 
fails, taking the solution the wrong way along the equilibrium 
path as shown in Figure 4.5. The best solution for this
problem is to decrease the value of the specified force 
tolerance which in turn limits the size of the increments. 
However, the trade off in this approach is that the smaller 
the value of specified force tolerance, the more expensive the 
analysis will be. Normally, a value between 1 to 10 percent 
of the actual nodal force values should be specified for the 
tolerance parameter.
4.4.6 Simulation Parameters
In  this investigation, the tube-drawing process was
simulated using material properties of copper as listed in 
Table 4.1. The simulations were carried out for several area 
reductions, die and plug angles (see the results chapter).
Due to the axisymmetric nature of the tube-drawing process, 
only half of the tube was modeled, as shown in Figure 4.6. 
Axisymmetric quadrilateral elements were utilized to model the ' 
wall thickness of the tube. The finite element mesh consisted 
of eight elements in the radial direction and 100  elements in










Figure 4.6 Finite Element Mesh
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the axial direction. A total of 909 (9x101) nodes were 
required to model the tube. The nodes were equally spaced 
resulting in elements with a 1 : 1  aspect ratio.
The die and plug geometries were modeled by defining a 
series of line segments. The "smoothing" feature of the 
program provided for smoothing of corners of die and plug 
resulting from connection of line segments. The interface 
elements associated with axisymmetric quadrilateral elements 
were used to model the contact between the die/plug surfaces 
and the material. A coefficient of friction of 0.05 was 
specified between the contacting surfaces.
The flow curve of the material (Figure 4.7) ; i.e ., the
equivalent true stress-equivalent true plastic strain curve, 
was described by a saturation type equation of the form 
proposed by Voce (249).
O £
0 = 0 -  (o -  o )  exp[ -  — — — ( - -----1) ]s s m *  a  - a  es m m
(4.40)
where o is the saturation stress, o and e are thes m m
stress and strain at maximum load. Studies by Hartley and 
Srinivasan (250), on the quality of fit  provided by various 
constitutive equations for large plastic deformation of
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Figure 4.7 Saturation-Type Flow Curve for Copper
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Table 4.1. Material Properties Used in the Simulations
Material: Copper
Saturation Stress, a ’ s
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metals, concluded that the Voce form of the saturation - typ e 
equation exhibits the lowest standard deviation of all 
equations studied. additional work by Loyd and Kenny
(251,252) confirm the applicability of this relationship to 
the description of metal deformation at large strain.
Drawing of the tube was simulated by applying a uniform 
pressure on the right face of the radial row of elements 
closest to the die/plug boundary. This pressure, starting 
form zero, was gradually increased by the program until the 
steady-state pressure was achieved. The steady-state pressure 
was gradually decreased and eventually removed from the model 
as the drawn tube exited the die. Rik's Algorithm was
implemented in the analysis terminating the run as soon as the 
last radial row of elements exited the die.
Simulations were conducted at various area reductions:
37.1% (H ard), 29.4% (3/4-H ard), 20.7% (1/2 Hard), and 10.9%
(1/4 Hard). Semi-cone die angle of 22.5 degrees and 15.0
degrees were used in all of the cases except in the case of 
37.1% reduction where die angles of 22.5, 20.0, 17.5, and 15.0 
degrees were used. For each area reductions and die angle, 
three different plug angles were simulated. These semi-cone 
plug angles were 2 .5 , 5.0, and 7.5 degrees smaUer than the
die angle for each case.
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A typical input file in ABAQUS is consisted of two main 
sections: Model definition and history definition. The
following listing is a typical input file used in this 
investigation to simulate the tube-drawing process.
In  the model definition section the geometry and 
material properties are described. The geometric 
definition consists of giving the coordinates of the nodes, 
and describing the elements that make up the model. The 
material property description consists of the elastic 
material properties, effective stress-effective plastic 
strain response for nonlinear analysis, and the friction 
conditions for contacting surfaces.
The history definition consists of prescribing the 
variation of external parameters to which the response of 
the system is needed, and specifying the desired output. 
In this section the type of procedure (static, Rik's 
Algorithm, e tc .), the loading definition, prescribed 
boundary conditions, and special output options are 
defined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
187
Listing of a Typical ABAQUS Input File
* HEADING
TUBE DRAWING :"HARD COPPER" A=22.5, B=15, %RED.=37.1 
R0=10.0258, RI=8.7445 
ROF=7.9502 , RIF=6.9342
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* *  Nodal Coordinate Definition 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦NODE
1, 8.7445, 34.8 
9, 10.0258, 34.8 
1001, 8.7445, 50.8 
1009, 10.0258, 50.8 
*NGEN
1, 9, 1 






6 , 1006, 10
7, 1007, 10
8 , 1008, 10 
9, 1009, 10
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
**  Material Element Definition 




2, 8, 1, 1, 100, 10, 10
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
**  Rigid Surface Definition * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦ELEMENT, TYPE=IRS21A, ELSET=PLU G
991,1001,991
♦ELGEN, ELSET=PLUG
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Listing of ABAQUS Input File fcont'dl




LINE, 8.2769 , 50.83
LINE, 8.2769, 46.0
♦RIGID SURFACE,ELSET=DIE,TYPE=SEGMENTS,SMOOTH=4.0 
START, 11.1980, 48.0 
LINE, 7.9502 , 55.8409 
LINE, 7.9503 , 60.5
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦♦ Labeling Sets of nodes or Elements 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦N SET ,NSET=PRINT, GENERATE
1.1009.1












* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *





0.6320287930E 08, 0.000000000 
0.1130889306E 09, 0.050000000 
0.1562516603E 09, 0.100000000 
0.1935971945E 09, 0.150000000 
0.2259095376E 09, 0.200000000 
0.2538670306E 09, 0.250000000 
0.2780565922E 09, 0.300000000
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09 1 .0 0 0 0 0 0 0 0 0
09 1 .1 0 0 0 0 0 0 0 0
09 1 .2 0 0 0 0 0 0 0 0




09 6 .0 0 0 0 0 0 0 0 0
09 7.000000000
09 8 .0 0 0 0 0 0 0 0 0
09 9.000000000
09 1 0 .0 0 0 0 0 0 0 0 0
09 1 1 .0 0 0 0 0 0 0 0 0




* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *








♦♦0.011547005 , 1 . 0  
♦SURFACE CONTACT 
0.0254,600000000
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Listing of ABAQUS Input File fcont’d l
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦♦ Defining The Type of Analysis, Boundary 
** Conditions, and Loading Conditions. * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦ RESTART, WRITE, FREQUENC Y=10
♦;* RESTART .WRITE, FREQUENCY=20, READ, STEP=1, INC=100, ENDSTEP 
♦♦RESTART, WRITE .FREQUENC Y=20, READ, STEP=1, INC=100,
♦ STEP, AMP=RAMP, NLGEOM, INC=800, C YCLE=12
♦ STATIC, PTOL=50000000, RIKS 
0.001,1.000,0.0000001,0.3,,1,2,25.7 
♦DLOAD
LEFT, P I, 600000000 
♦PRINT, FREQUENC Y=10
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦♦ Defining The Nature and Frequency of the
♦♦ Output Results.* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦EL PRINT,FREQUENCY=999,LOADS ,ELSET=PRINT 
♦EL PRINT,FREQUENCY=10,LOADS,ELSET=SURFACE 
♦NODE PRINT,FREQUENCY=999, NSET=PRINT 
♦NODE PRINT, FREQUENCY=10, N SET=PRINT5 
♦♦ ♦EL FILE,ELSET=FILE,FREQUENCY=10 
♦♦ 2 ,2  
♦ ♦ 2  2
♦♦ NODE FILE,NSET=FILE,FREQUENCY=10 
♦♦ 2
♦PLOT, FREQUENC Y=40
HARD, ALFA=22.5 , BETA=15, %RED.=37.1
♦DISPLACED
1 , 1 .
♦END STEP
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CHAPTER 5
RESULTS
5.1 Experimental Measurement of Residual Stresses
5.1.1 Zircalov-4(Rl Specimens
Two types of Zircaloy-4(R) specimens were investigated in 
this study namely, as-received specimens and specimens
o
annealed at 500 C for one hour. this provided a knowledge of 
the magnitude of residual stresses associated with the tube 
reducing process (pilgering), as well as a measure of the 
change in residual stress pattern due to subsequent heat 
treatments.
The experimental procedure for measurement of residual 
stresses in Zircaloy-4(R) tubes was discussed in Chapter 3. 
For each type of specimen (as received or annealed) several 
runs were carried out until two successful runs of reasonable 
agreement were obtained. Some of the reasons for premature 
abortion of the experiments were: misalignment of strain
191
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gages, strain gage d rift, equipment failure, non-uniform 
material removal due to localized attack by the electrolyte 
and other unknown failures, characteristic of residual stress 
measurements.
In all of the figures presented in this chapter, 100% wall 
thickness represents the outer surface of the tube while 0% 
wall thickness refers to the inner surface. Figures 5.1 and
5.2 are associated with the as-received and annealed specimens 
respectively. In  either of Figures 5.1 or 5.2, Figure (a) 
shows the resulting strains (measured on the inner surface of 
the tubes) due to removal of stressed material from the outer 
surface of the tubes. Figure (b) shows the distribution of 
parameters g , $ , and 'i as function of location in the
tube’s wall. the residual axial, tangential, shear, and
principal stresses are presented in Figure (c).  The 
distribution of radial stresses were not included in this 
Figure due to its small magnitude (see appendix A ). Figure 
(d ) shows the distribution of effective stress and the angle 
between the principal direction and the principal axes of the 
tube.
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5.1.2 Copper Specimens
In  order to investigate the effect of different degrees of 
cold-working and subsequent heat treatments on the residual 
stress distribution in copper tubes, four different tempers 
were studied, namely, light annealed, 1/4-hard, 1/2-hard, and 
hard. Figures 5.3-5 .6  are associated with these tempers in 
the same order.
In either of the Figures 5.3-5.6 , Figure (a) represents the 
evolution of strains (measured on the outer surface of the 
tubes) due to removal of stressed material from the inner 
surface of the tubes, the parameters 6 and 0 , to be used 
in the residual stress equations, are plotted as a function of 
position in the tube's wall in Figure (b).  The residual 
stresses in the axial and tangential directions along with 
effective stress are plotted in Figure (c). The radial stress 
distribution was not included in this plot due to its small 
magnitude. However, the numerical value of the radial stress 
along with other stress components are given in appendix (A).
As mentioned earlier, in all of the figures in this 
chapter, "100% wall thickness" refers to the outer surface 
while "0% wall thickness" represents a radial position on the 
inner surface.
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5.2 Finite Element Simulations
In order to investigate the effect of different degrees of 
cold-working on the drawing stress and the residual stress 
distributions, four different area reductions corresponding to 
the tempers used in the experimental study were considered. 
Specifically, area reductions of 37.1% (hard), 29.4% (3/4 
hard), 20.7% (1 /2-hard ), and 10.9% (1/4-hard) were simulated.
The effect of die angle on the drawing stress and residual 
stress pattern was studied by modeling four different semi­
cone die angles of 22.5, 20.0, 17.5, and 15.0 degrees. The
effect of semi-cone plug angle was also investigated by 
modeling plugs with a semi-cone angle of 2.5, 5.0, 7.5, and up 
to 1 0 .0  degrees less than the semi-cone die angles in each 
case. Table 5.1 lists the different cases considered to 
simulate the drawing process.
For each of the cases listed in Table 5.1, four parameters 
are plotted. F irst, the evolution of the drawing stress 
during the drawing process is plotted with 0% displacement 
referings to the location of the tube prior to entering the 
die, and 100% displacement denoting its location immediately 
upon exiting the die. Second, the distribution of the 
equivalent plastic strain is plotted against the %wall 
thickness of the drawn tube. finally, the residual stress
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distribution (axial and tangential) and the effectve stress is 
presented in the third and fourth plots respectively. The 
residual radial and shear stresses were not included due to 
their small magnitudes. However, their numerical values along 
with other component of stress are presented in appendix (B).
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Figure 5.1a Inner surface Strain Measurements 
(As-Received Specimen).
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Figure 5.1c Normal and Principal Residual Stresses 
(As-Received Specimen).
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Figure 5.19 Simulation Results for Copper at:
29.4% reduction; Die=22.5, Plug=17.5
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Figure 5.20 Simulation Results for Copper at:
29.4% reduction; Die=22.5, Plug=15.0
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Figure 5.21 Simulation Results for Copper at:
29.4% reduction; Die=22.5, Plug=12.5
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Figure 5.22 Simulation Results for Copper at:
29.4% reduction; Die=15.0, Plug=12.5
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Figure 5.23 Simulation Results for Copper at:
29.4% reduction; Die=15.0, Plug=10.0
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Figure 5.24 Simulation Results for Copper at:
29.4% reduction; Die=15.0, Plug=7.5
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Figure 5.25 Simulation Results for Copper at:
37.1% reduction; Die=22.5» Plug=20.0
















































0 60 6020 40 109





AA -  97.1* 
a *  82.5 














Figure 5.26 Simulation Results for Copper at:
37.1% reduction; Die=22.5, Plug=17.5
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Figure 5.27 Simulation Results for Copper at:
37.1% reduction; Die=22.5, Plug=15.0
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Figure 5.28 Simulation Results for Copper at:
37.1% reduction; Die=22.5, Plug=12.5
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Figure 5.29 Simulation Results for Copper at:
37.1% reduction; Die=20.0, Plug=17.5
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Figure 5.30 Simulation Results for Copper at:
37.1% reduction; Die=20.0, Plug=15.0


































AA ■ 27.1% 






















AA -  07.1% 
a - 20.0 
p -12.6
•800
0 20 40 6060 100
1C0
AA - 87.1% 

















% Wall Thickness % Wall Thickness
Figure 5.31 Simulation Results for Copper at:
37.1% reduction; Die=20.0, Plug=12.5
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Figure 5.32 Simulation Results for Copper at:
37.1% reduction; Die=17.5, Plug=15.0
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Figure 5.33 Simulation Results for Copper at:
37.1% reduction; Die=17.5, Plug=12.5
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Figure 5.34 Simulation Results for Copper at:
37.1% reduction; Die=17.5, Plug=10.0
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Figure 5.36 Simulation Results for Copper at:
37.1% reduction; Die=15.0, Plug=10.0
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6.1 Experimental Measurement of Residual Stresses
6.1.1 Zircalov-4 fR l Specimens
In order to measure the developed strains due to 
electropolishing of the outer surface of the tubes, two tr i­
element rosette strain gages were attached to the inner 
surface of the tubes. Figures 5.1(a) and 5.2(a) show the 
evolution of these strains on the inner surface as the 
material was being removed from the outer surface. The 
strains showed in these figures are the arithmetic average of 
the two corresponding elements which were diametrically 
opposite to one another. This was done to compensate for any 
strains that might have occured due to bending of the tubes. 
Referring to Figures 5.1 and 5.2, at "100% wall thickness 
remaining” mark, no strains were registered since no material 
was removed from the outer surface. Once the material removal 
process (from the outer surface) began, the resulting strains
248
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on the inner surface were recorded. This material removal 
process was continued for approximately 80% of the wall 
thickness (20% remaining) at which time the tube had become to 
thin to proceed.
The parameters Q , <p , and Y were calculated utilizing 
equations (3.11 a ,b ,c ) and plotted in Figures 5.1(b) and 
5 .2 (b ). Since the residual stress equations (3.9-3.10) 
require a knowledge of the rate of change of above parameters 
with respect to the instantaneous radius of the material 
removed, a cubic spline polynomial was fitted through the data 
points of both runs. In all subsequent calculations, for a 
given point in the wall thickness, the magnitude and slope of 
the cubic spline polynomial were utilized to represent the 
magnitude and rate of change of data at that point.
Figures 5.1(c) and 5.2(c) show the residual stress 
distributions in the as received and annealed specimens 
respectively. Since the collection of the data was only 
possible through 80% of the wall thickness, the stress 
distributions were extrapolated to the inner surface such that 
equilibrium condition of the axial and tangential stresses 
were preserved. The magnitude of radial stress for each 
sample was approximately two orders of magnitude smaller than 
the axial and tangential components and thus was not included
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
250
in these figures (see appendix A ). The radial stress 
distribution varied from zero at the outer surface to a 
compressive value and was heading back to zero stress at the 
inner surface when experiments were aborted (tube wass was too 
thin to proceed). This type of stress distribution satisfies 
the boundary conditions since the inner and outer surfaces of 
the tube are considered free surfaces, and thus the normal 
stress acting on them must be zero.
The magnitude of the shear stress, in both specimens, was 
small as compared to the tangential and axial stresses. In 
both specimens, the shear stress distribution was zero on the 
outer surface and was approaching zero near the inner surface 
of the tube. At nearly 50% of the wall thickness, the shear 
stress was again zero resulting in the outer half of the wall 
to be in tension and the inner half of the wall in 
compression.
The axial residual stress distribution was extrapolated to 
the inner surface (0% wall thickness) such that the resultant 
axial force was zero. In  the case of as-received material, 
the axial stresses showed a maximum tensile value of 60 MPa on 
the outer surface and a maximum compressive value of -150 MPa 
on the inner surface. At approximately 50% through the wall 
thickness the stress distribution passed through zero stress
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level. The tensile stresses on the outer surface are highly 
undesirable since they not only decrease the fatigue life of 
the metal, but also promote such failures as stress corrosion 
cracking. The distribution of the axial stress in the 
annealed material showed the same general trend as in the as- 
received material. However, the magnitude of these stresses 
were approximately one order of magnitude smaller than that of 
the as-received material indicating that some degree of stress 
relieving had occured. In  addition, the location of zero 
axial stress was shifted to a location at 75% of wall 
thickness for the annealed material, as opposed to 50% of wall 
thickness for the as-received material.
The largest component of stress was found to be the "hoop" 
stress. In the as received material, the hoop stress assumed 
a maximum tensile value of approximately 200 MPa at the outer 
surface, and a maximum compressive value of -200 MPa at the 
inner surface. The stress distribution curve was extrapolated 
to the inner surface such that the areas under the tensile and 
compressive regions were equal. Similar to the axial and 
shear stresses of the as-received material, the hoop stress 
distribution curve passed through the zero level at 
approximately 50% of the wall thickness. The tensile hoop 
stresses on the outer surface indicate that the outer layers 
of the tube are in a state of biaxial tension. On the other
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hand, the compressive hoop stresses at the inner surface refer 
to a biaxial compression state present in the inner layers.
The magnitude of the hoop stress observed in the annealed 
material was approximately one order of magnitude smaller than 
that of the as-received material. The stress distribution in 
the annealed material did not seem to be as monotonic as the 
as-received material. In addition, the stress distributions 
(both tangential and axial) did not seem to be satisfying the 
equilibrium equations as well as the as-received material.
The maximum and minimum principal stresses are shown in 
Figures 5.1(d) and 5.2(d ) for the as-received and annealed 
specimens respectively. Due to the small magnitude of shear 
stresses, the maximum and minimum principal stresses were 
nearly the same as the tangential and axial stress
distributions respectively.
The effective stress distributions are plotted in Figures 
5.1(d ) and 5 .2 (d ). In  the case of as-received material, the 
effective stress distribution reached its maximum values near 
the outer and inner surfaces where maximum (both tensile and 
compressive) axial and tangential stresses were observed. The 
minimum value of the effective stress was approximately 
halfway through the wall thickness where all other components 
of stress were nearly zero. In  Figures 5 .1 (i) and 5 .2 (i), the
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magnitude of the effective stress distributions is also shown 
in a dimensionless form where the normalizing factor is yield 
stress of the material. Compression tests on the specimens 
resulted in yield stresses of 430 MPa for the as-received 
material and 304 MPa for the annealed material. The effective 
stress showed a maximum value of approximately 40% of the 
yield stress in the as-received material and a maximum value 
of approximately 10% of the yield stress in the annealed 
material. This shows that further annealing has reduced both 
the magnitude of the residual stress as well as its relative 
value with respect to the yield stress of the material.
The angle between the principal axis of the tube and 
principal directions is also shown in Figures 5.1(d) and 
5 .2 (d ). Refering to these figures, the principal directions 
of the stresses in the as-received material, nearly coincide 
with principal axis of the tube at all the points through the 
wall thickness except near the location (50% through the wall 
thickness) where the effective stress reaches its minimum 
value. The trend is exactly opposite for the annealed 
material.
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6.1.2 Copper Specimens
The copper tubes used in this study were formed by tube- 
drawing operation which is considered to be an axisymmetric 
process. Since no residual shear stresses were expected, two 
bi-element gages with elements in the axial and tangential 
directions were attached to the outer surface of the tubes. 
The material removal was carried out by electropolishing the 
inner surface. The strain measurements were conducted for 
four different material tempers; namely, soft (light 
annealed), 1/4-hard, 1/2-hard, and hard. Figures 5 .3-5 .6
refer to these tempers respectively.
Figures 5 .3 (a )-5 .6 (a) show the evolution of tangential and 
axial strains on the outer surface, as the material was being 
removed from the inner surface. The "0% wall thickness 
removed" mark corresponds to zero strain since no material was 
removed from the inner surface of the tube. Once the material 
removal process (from the inner surface) began, the resulting 
strains on the outer surface were recorded. This material 
removal process was continued for approximately 80-90% of the 
wall thickness at which time the tube had become too thin to 
proceed. Each experiment was repeated several times until 3 
sets of results with reasonable agreement were obtained.
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The parameters 0  , and 9  were calculated using 
equations (3.11a,b) and are plotted in Figures 5 .3 (b )-5 .6 (b ). 
A cubic spline curve fitting algorithm was utilized to fit  a 
curve to the data points obtained from three separate runs. 
In  all subsequent calculations, for a given point in the wall 
thickness, the magnitude and slope of the fitted curve were 
used as the magnitude and rate of change of data at that 
point.
Figures 5 .3(c)-5 .6 (c) show the residual stress 
distributions in the soft, 1/4-hard, 1/2-hard and hard drawn 
copper tubes respectively. As in the case of Zr-4(R ) tubes, 
the data could only be collected through 80-90% of the wall 
thickness. The stress distributions in the remaining 10-20% 
of the wall thickness were extrapolated to the outer surface 
such that the equilibrium conditions of the axial and 
tangential stresses were preserved. The radial stress 
distribution was compressive throughout the wall thickness 
with zero value at the inner and outer surfaces as expected. 
However, the magnitude of the radial stress was approximately 
two orders of magnitude smaller than the other components of 
stress, which is why it  was not included in above figures (see 
appendix A for numerical values).
The axial residual stress distributions, in all four cases,
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showed a compressive value near the inner surface and a 
tensile value near the outer surface with a zero value 
approximately 50% through the wall thickness, resulting in 
nearly a zero resultant axial force. This type of axial 
stress distribution indicates that during the tube drawing 
process, the inner layers within the wall thickness flow more 
rapidly compared to outer layers. The resulting non- 
homogeneous deformation, produces a strain gradient throughout 
the wall thickness resulting in compressive axial stresses in 
the inner layers and tensile stresses in the outer layers. 
Comparison of Figures 5 .3(c )-5 .6 (c ) reveals that the axial 
stress distribution discussed above, remains nearly unchanged 
in pattern but increases proportionally in magnitude with the 
degree of cold-working.
The tangential stress distribution showed a similar pattern 
as the axial stress in all four cases. The equilibrium of 
tangential forces were very closely satisfied in all
cases;i.e., the areas under the compressive and tensile 
portions of the curves were equal. Although the pattern of 
tangential stress distribution is similar in all four cases, 
the magnitude of the compressive stress near the inner surface 
seems to vary with different degrees of cold-working. The 
soft temper material showed the smallest amount of residual 
tangential stress. The largest compressive stresses were
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found in the 1/4-hard and 1/2-hard tempers with a considerably 
smaller stress gradient near the inner surface. This 
indicates that contrary to the axial stress (which increases 
proportionally with the degree of cold-working), the 
tangential stress at the inner surface reaches a maximum value 
up to a certain degree of cold-working after which it  begins 
to decrease. this is not necessarily beneficial since the 
effective stress increases as the difference between the 
components of stress tensor increases.
The effective stress distribution for the soft, 1/4-hard,
1/2-hard, and hard materials are shown in Figures
5 .3 (c )-5 .6 (c ). In all four cases the same pattern for the 
stress distribution was observed. Starting at its maximum 
value at the inner surface, the effective stress decreased to 
approximately zero, halfway through the wall thickness. After 
this point, the effective stress continuously increased up to 
the outer surface. The magnitude of the effective stress at 
the outer surface was approximately 70-80% of the magnitude of 
the effective stress at the inner surface. For purposes of 
comparison, effective stresses are also expressed in a 
dimension-less form where the normalizing factor is the yield 
stress of the material. Compression tests carried out on the 
soft, 1/4-hard, 1/2-hard, and hard temper materials resulted
in yield stresses of 62, 156, 228, and 336 MPa respectively.
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The effective stress distributions in Figures 5 .3 -5 .6  show 
that although the absolute magnitude of the effective stress, 
at any point throughout the wall thickness, increases as the 
degree of cold-working is increased, the relative value of the 
effective stress with respect to the material's yield stress 
increases up to a maximum value after which the relative 
effective stress decreases with increased cold-working. In
this investigation, the relative effective stress distribution 
of the soft, 1/ 2 -hard, and hard materials were nearly the 
same, while that of the 1/4-hard material was approximately 
30% higher at the inner surface and 70% higher at the outer 
surface. The reason for this type of behavior could be
explained by the fact that upon cold-working of the material, 
its yield stress is increased at a rate approximately equal to 
that of the increase in residual effective stress, thus 
keeping the ratio constant. The exception, as shown by this 
study, is at lower values of cold-working (1/4-hard) where the 
rate of evolution of effective residual stress is higher than 
the rate of increase in yield stress, thus resulting in a 
maximum value for the relative effective stress.
6.1.3 Simulation Results
As mentioned in Chapter 5, a total of th irty  one cases with
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different drawing conditions were simulated. Figures 5.7-5.37  
show the variation of the drawing stress with tube 
displacement as well as the distribution of equivalent plastic 
strain, residual stresses, and effective stress throughout the 
wall thickness of the tube for each simulation. The final
dimensions of the tubes (after drawing) were proportional to 
the dimensions of the tubes used in the experiments. The 
original dimensions of the tubes (before drawing) were chosen 
such that the ratio of the outer radius to the inner radius 
before and after drawing were equal. That is,
R R
° f  0
i t  = i r
Xf  xo
6 .1.3.1 Effect of Area Reduction on Drawing Stress
The drawing force was simulated by applying a uniformly 
distributed axial pressure across the front of the tube. 
Figures 5 .7(b )-5 .37(b) show the variation of the drawing 
stress as a function of displacement of the tube. In  all of 
the simulations, the drawing stress showed an initial period 
of increasing stress after which it reached a constant value 
known as the steady-state drawing stress. The magnitude of 
this stress remained constant, with small fluctuations, and
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started to decrease back to zero as the tube exited the die. 
Figures 5 .7 (b )-5 .37(b ) also show the relative drawing stress, 
as a dimension-less parameter, where the normalizing factor is 
the average of the yield stress of the material before and 
after drawing. The yield stress of the virgin material was 
62.0 MPa while that of the drawn material was taken as the 
stress on the flow curve, corresponding to the maximum value 
of the equivalent plastic strain in the drawn material.
Figures 6 . 1 (a )-(b ) show the relative drawing stress against 
% area reduction for various die/plug combinations. In  Figure 
6 .2 (a )-(b ), the magnitude of the drawing stress is plotted 
against ln(A Q /A ^ ) (the bulk average true strain) for various 
die/plug combinations. The results show that the drawing 
stress rises parabolically for small area reductions and 
approaches a linear relationship as the % area reduction is 
increased. This behavior could be described by the higher 
rate of work-hardening at lower values of plastic strain; 
i .e .,  the slope of the flow curve (work-hardening coefficient) 
rises parabolically at the beginning and approaches a constant 
value with increasing plastic strain) In  other words, the 
rate of work hardening decreases with increased reduction 
which explains the increase in the rate of change of relative 
drawing stress. As the area reduction further increases, the 
material's work-hardening rate approaches a constant value
explaining the linear relationship between the drawing stress 
and large area reduction.
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6.1.3.2 Effect of Die and Plug Angles on Drawing Stress
The effect of die angle on drawing stress was investigated 
by varying the die angle while keeping the area reduction and 
plug angle constant. Figure 6.3 shows the variation of 
drawing stress with die angle for four different plug angles 
and 37.1% reduction. The results consistently indicate that 
for a given plug angle and area reduction, there exists a die 
angle which minimizes the drawing stress. This is in 
agreement with the results of an upper bound solution by 
Hartley (40). For 37.1% reduction, the lowest drawing stress 
was obtained by choosing a semicone die angle of 17.5 and a 
semicone plug angle of 12.5. This is in close agreement with 
the upper-bound solution by Hrtley (40) and experimental 
results by Rees (253) who concluded that a semicone die angle 
Of 18.0 in conjunction with a semicone plug angle of 12.0 
minimized the drawing stress. This could be explained by the 
change in percentage of total work required to overcome 
friction and to deform the material. At small die angles, due 
to the large contact area, more work is required to overcome 
friction than is required to deform the material. Increasing 
the die angle decreases the work of friction while it 
increases the deformation work. However, increasing the die 
angle past a certain value results in a higher rate of 
increase in the work of deformation than the rate of decrease
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in the work of friction, thus increasing the drawing stress. 
Similarly, decreasing the die angle past a certain value 
results in higher rate of increase in the work of friction 
than the rate of decrease in the work of deformation, thus 
increasing the drawing stress. The trade-off between these 
opposing parameters results in a die angle which minimizes the 
drawing stress.
The effect of plug angle on drawing stress was studied by 
varying the plug angle while keeping the area reduction and 
die angle constant. Figure 6.4 shows the variation of drawing 
stress with plug angle for four different plug angles and 
37.1% reduction. Similar to the die angle, the results 
indicate that for a given die angle and area reduction, there 
exists a plug angle which minimizes the drawing stress. The 
existance of this minimum can be explained with a similar 
argument as in the case of die angle.
An interesting observation regarding Figures 6.3 and 6.4 is 
that, in each case, the minimum drawing stress is obtained 
when the difference between the die and plug angles is 5 
degrees; i.e . ( a-p =5.0).
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6.1.3.3 Effect of Die and Plug Angles on Residual Stresses
Residual stresses for 37.1% reduction and die angles of 
22.5, 20.0, 17.5, and 15.0 degrees are shown in Figures
6 . 6 - 6 .8  respectively. In  each figure, residual stresses are
shown for various plug angles.
The axial residual stress distributions, illustrated in 
Figures 6 .6 (a )- 6 . 8 (a ), show a region of compressive stress 
near the inner surface, and a region of tensile stress near 
the outer surface. Such a distribution is highly undesirable 
from a standpoint of fatigue and particularly in the presence 
of corrosive atmosphere. In all cases simulated in this 
investigation, the magnitude of the stresses near the outer 
and inner surfaces are decreased as the as the plug angle 
approached the die angle. The two largest die angles of 22.5 
and 2 0 . 0  degrees, in conjunction with higher plug angles, 
resulted in substantial decrease in stresses near the inner 
surface and formation of compressive stresses near the outer 
surface. This type of behavior, for the axial residual 
stress, could be explained by referring to the geometry of the 
drawing process as shown in Figure 6.5. In  cases where the 
difference between the die and plug angles is large, as the 
tube enters the reduction region, the material near the plug 
surface flows more easily than the material near the die 
surface. this is due to the fact that the tube contacts the 
die before it  contacts the plug, thus creating more friction
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at the outer surface than at the inner surface. This behavior 
is clearly illustrated in Figures 6 .6 (e )-6 .9 (c ) which show the 
distribution of the equivalent plastic strain through the wall 
thickness. The large strain gradient thus created places the 
inner surface under compression while imposing tensile 
stresses at the outer surface. As the plug angle approaches 
the die angle, the flow of the material at the inner surface 
becomes more difficult. This results in a lower strain 
gradient through the wall thickness thereby reducing the 
compressive stresses of the inner surface as well as the 
tensile stresses of the outer surface. The reduced tensile 
stresses as well as the formation of compressive residual 
stresses at the outer surface will help to prevent such 
failure as fatigue and stress corrosion cracking.
The tangential residual stresses, as illustrated in Figures 
6 .6 (b )- 6 .8 (b ), show a behavior similar to the axial 
distribution. A qualitative description of the tangential 
stress distribution could be arrived at utilizing the axial 
stress distribution. The compressive axial stresses at the 
inner surface will cause the inner layers to expand 
diametrically thereby sustaining a compressive tangential 
stress due to the restriction imposed by the outer layers 
which will be in tension. Similar to the axial stresses, the 
magnitude of the tangential stresses at the inner and outer
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surfaces, showed a decreasing trend as the difference between 
the die and plug angles was decreased. This behavior was more 
pronounced at larger die angles (22.5 and 20.0 degrees) than 
the smaller die angles (17.5 and 15.0 degrees). However, the 
tangential stresses on the outer surface were consistently 
tensile at the outer surface and compressive at the inner 
surface. Although the magnitude of the tangential stresses at 
the outer and inner surfaces decreased, the stress gradient 
between the tensile and compressive regions increased as the 
plug angle approached the die angle. This could be explained 
by the more severe deformation occurring with plug angles 
close to the die angle. The high gradient of the axial and 
tangential stresses may be undesirable in cases where such 
failures as "central bursting" are of concern.
The distribution of the effective residual stresses, 
through the wall thickness, are shown in Figures 
6 . 6 (d )-6 .8 (d ). In  these figures, the effective stress is also 
shown in a normalized form with respect to the yield stress of 
the drawn material. The results show high values of effective 
residual stress at the inner surface, reaching approximately 
95% of the yield stress of the material. However, decreasing 
the difference between the plug and die angles can lower this 
stress to nearly 40% of the yield stress, for large die angles 
(22.5 and 22.0 degrees), and to 75% of yield stress for
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smaller die angles (17.5 and 15.0 degrees). The effective 
stress near the mid-section of the wall thickness shows values 
as high as 40% of yield stress which can be reduced to 30% of 
yield stress by decreasing the difference between the die and 
plug angles.
In general, the residual stress magnitudes showed a strong 
dependence on the die and plug angles rather than the amount 
of area reduction. The magnitude of the residual stresses 
decreased when the difference between the die and plug angles 
was decreased. This behavior was more appreciable in the case 
of large die angles than the small die angles. The dependence 
of the magnitude of residual stress on the die and plug angles 
could be qualitatively explained by referring to the geometry 
of the drawing process as illustrated in Figure 6.5. 
Observing the geometry of the process, it  can be seen that 
large differences between the die and plug angles results in 
some degree of sinking prior to the simultaneous reduction by 
the die and plug surfaces. The higher the difference between 
the die and plug angles, the greater the degree of sinking. 
The amount of sinking prior to the simultaneous reduction by 
the die and plug, determines the extent of redundant work 
which is directly related to the residual stresses. For a 
given area reduction, the amount of sinking increases as the 
die angle decreases. This explains the reason for higher
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residual stress values at lower die angles compared to the 
larger ones.
Finally, it  is interesting to note that simulations carried 
out with zero coefficient of friction resulted in only a minor 
change in the residual stress distribution. Similar 
observation on the effect of friction has been reported by 
McMeeking and Lee (254) in an attempt to simulate the 
extrusion process using elastic-plastic FEM.
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7.1 Zr-4 IR) Specimens
Residual stress measurements conducted on the Zr-4(R) 
specimens revealed that:
(a) The largest residual stress is the tangential component 
which is compressive at the inner surface and tensile at 
the outer surface. The maximum value of this stress at 
the inner and outer surfaces of the as-received 
specimens, reaches approximately 50% of the yield stress 
of the material.
(b) Residual axial stresses are also compressive at the inner 
surface and tensile on the outer surface. However, the 
maximum value of the axial stress, occurring at the inner 
surface, is approximately half of the tangential stress 
at the same location.
287
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(c) Residual shear stresses are comparable in magnitude to 
residual radial stresses, both being nearly two orders of 
magnitude smaller than the residual tangential stress. 
This means that the principal axes of residual stresses 
are nearly parallel to principal axes of working in the 
as-received tube.
(d) The maximum value of the effective stress in the as- 
received specimens reaches approximately 40% of the yield 
stress in tension.
(e) Annealing at 500 C for 1 hour, reduces the residual 
stresses by approximately one order of magnitude. The 
remaining stresses may be due to contamination during 
annealing.
(f) The residual stress distributions in the annealed 
specimens is not as uniform as the as-received material 
nor does it satisfy the equilibrium conditions as well.
This can be contributed to the deficiencies in the 
experimental procedure to measure low values of strain 
without disturbing the strain field.
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7.2 Copper Specimens
Having completed the residual stress measurement using
copper specimens, it was concluded that:
(a) Installation of strain gages to the outer surface of the 
tube is highly recommended due to its ease of 
application, handling, and experimental procedure. 
However, the experiments might need to be complemented by 
a reverse procedure if the measurements can not be 
continued to cover at least 80% of the wall thickness.
(b) In all copper specimens studies, the largest residual 
stress was an axial component with a compressive 
distribution near the inner surface and a tensile 
distribution near the outer surface. Higher tempers 
showed higher values of residual axial stress with a 
similar trend as described above.
(c) The residual tangential stresses, although smaller in 
magnitude, follow a similar distribution as residual 
axial stresses. The compressive tangential stresses at 
the inner surface increase with cold working up to 1 /2  
hard temper. Further cold working to a hard temper 
decreases the compressive residual tangential stresses at 
the inner surface.
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(d) The effective residual stresses in all four tempers show 
a similar distribution with maximum values at the inner 
and outer surfaces and a minimum value approximately 
halfway through the wall thickness. Although the 
magnitude of the effective residual stress increases with 
cold working, its value relative to the yield stress of 
the material remains nearly constant due to work 
hardening.
7.3 Finite Element Simulations
(a) Assuming constant frictional conditions along the 
tool/workpiece interface, finite element simulation 
provides a relatively simple means of estimating the 
required forming loads as well as magnitude and 
distribution of residual stresses in the product.
(b) The magnitude of drawing stress increases as the 
percentage of area reduction is increased. The rate of 
increase of drawing stress with cold working increases at 
lower reductions and approaches a constant value at 
higher reductions.
(c) For a given die(or plug) angle and area reduction, there 
is a plug(or die) angle which minimizes the drawing
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stress. At smaller die angles friction losses are high, 
whereas for larger die angles contribution of redundant 
work becomes significant. In nearly all cases simulated, 
the minimum drawing stress occurs when the difference 
between the die and plug semi-cone angles is 5.0 degrees.
(d) Residual axial and tangential stresses show a region of 
compressive distribution near the inner surface and a 
region of tensile distribution near the outer surface. 
Although the trend is similar to the experimentally 
measured residual stresses, the magnitude of the 
simulation results is, on the average, 3-4 times larger 
than the experimental results.
(e) Increasing the die angle, and decreasing the difference 
between the die and plug angles reduces the tensile 
residual stresses at the outer surface as well as 
compressive stresses at the inner surface. However, 
these conditions result in an increase in the magnitude 
of the tensile stresses near the center of wall thickness 
which could be responsible for such failures as 'central 
bursting' occuring at large die and plug angles.
(f) The effect of cold-working on residual stresses is most 
appreciable at small reductions. Reductions greater than 
10% do not alter the nature of residual stresses in any
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significant manner.
(g) Improper selection of drawing parameters results in 
effective residual stresses at the inner surface, the 
magnitude of which reaches as high as 95% of the yield 
stress of the material. Optimum process variables can 
decrease the magnitude of the effective residual stress 
to 40% of the yield stress.
7.4 Recommendations For Future Research
(a) The analysis presented in this investigation does not 
take into account any thermal effects during deformation. 
Furthermore, it corresponds to isotropic hardening
assuming similar stress-strain behavior in tension as in 
compression. Future research would yield more accurate
results by incorporating thermal effects and a more 
general hardening rule such as kinematic hardening which 
accounts for such phenemenon as the Buaschinger effect.
(b) More accurate results may be obtained by simulating 
larger reductions in a number of smaller reductions 
(passes) as carried out in practice. This requires 
development of a code which can utilize the results of 
one simulation as the input data for next simulation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
293
(c) Similar study may be conducted on bimetallic tubes or 
rods to investigate the effect of process variables on 
the residual stress distribution of core or clad and the 
shear strength of the interface.
(d) The analysis can be extended to include the role of 
microstructure in an attempt to describe the plastic 
behavior of the material. An approach based on continuum 
dislocation theory may be utilized to relate the state of 
dislocation and lattice curvature to internal stress 
gradients within the material.
(e) In simulating the drawing process, allowing the rigid 
surface representing the plug to move freely in the 
deformation zone will provide useful information on tube 
drawing using a floating plug.
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Residual Stresses in Zircaloy-4(R) Specimens 
in As-Received Condition 
(all Stresses in MPa)
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Residual Stresses Cont'd
% Wan Tang. Axial Radial Shear
Thick. Stress Stress Stress Stress
37.434 -64.5 -18.9 -7.0 -5.2
37.895 -62.1 -18.3 -7.0 -5.1
38.355 -59.7 -17.7 -7.1 -5.0
38.816 -57.3 -17.2 -7.1 -4.9
39.276 -54.9 -16.6 -7.2 -4.8
39.736 -52.4 -16.1 -7.2 -4.7
40.196 -50.0 -15.6 -7.2 -4.6
40.655 -47.5 -15.2 -7.3 -4.5
41.114 -45.0 -14.7 -7.3 -4.4
41.573 -42.6 -14.2 -7.3 -4.3
42.032 -40.1 -13.8 -7.3 -4.2
42.490 -37.6 -13.3 -7.4 -4.1
42.948 -35.0 -12.9 -7.4 -3.9
43.406 -32.5 -12.5 -7.4 -3.8
43.864 -30.0 - 1 2 .0 -7.4 -3.7
44.321 -27.4 - 1 1 .6 -7.5 -3.5
44.778 -24.9 - 1 1 .2 -7.5 -3.4
45.235 -22.3 - 1 0 .8 -7.5 -3.3
45.692 -19.8 -10.4 -7.5 -3.1
46.148 -17.2 -9.9 -7.5 -2.9
46.604 -14.6 -9.5 -7.5 -2 . 8
47.060 - 1 2 . 0 -9.1 -7.6 -2 . 6
47.515 -9.4 -8.7 -7.6 -2.5
47.970 - 6 . 8 - 8 .2 -7.6 -2.3
48.425 -4.2 -7.8 -7.6 -2 . 1
48.880 -1.5 -7.3 -7.6 -1.9
49.335 1 .1 -6 . 8 -7.6 - 1 . 8
49.789 3.7 -6.4 -7.6 - 1 .6
50.243 6.4 -5.9 -7.6 -1.4
50.696 9.0 -5.4 -7.6 - 1 .2
51.150 11.7 -4.8 -7.6 - 1 . 0
51.603 14.4 -4.3 -7.6 - 0 . 8
52.056 17.0 -3.7 -7.6 -0.5
52.509 19.7 -3.2 -7.6 -0.3
52.961 22.4 -2 . 6 -7.6 - 0 . 1
53.413 25.1 -2 . 0 -7.6 0 . 1
53.866 27.8 -1.3 -7.6 0.4
54.317 30.5 -0.7 -7.5 0 . 6
54.768 33.2 0 . 0 -7.5 0.9
55.220 35.9 0 . 6 -7.5 1 . 1
55.671 38.6 1.3 -7.5 1.4
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Residual Stresses Cont’d
% Wall Tang. Axial Radial
Thick. Stress Stress Stress
56.121 41.3 2.0 -7.5
56.572 44.0 2.8 -7.5
57.022 46.8 3.5 -7.4
57.472 49.5 4.3 -7.4
57.922 52.2 5.0 -7.4
58.371 55.0 5.8 -7.4
58.820 57.7 6 . 6  -7.3
59.270 60.4 7.4 -7.3
59.718 63.2 8.2 -7.3
60.166 65.9 9.1 -7.3
60.615 68.7 9.9 -7.2
61.063 71.4 10.8 -7.2
61.510 74.2 11.6 -7.2
61.958 76.9 12.5 -7.1
62.405 79.7 13.4 -7.1
62.852 82.5 14.3 -7.0
63.299 85.2 15.2 -7.0
63.745 88.0 16.1 -6.9
64.192 90.8 17.1 -6.9
64.638 93.5 18.0 -6.9
65.083 96.3 19.0 - 6 . 8
65.529 99.1 19.9 - 6 . 8
65.975 101.8 20.9 -6.7
66.420 104.6 21.9 -6.7
66.865 107.3 22.9 - 6 . 6
67.309 110.0 23.8 - 6 . 6
67.754 112.6 24.8 -6.5
68.198 115.3 25.8 -6.4
68.642 117.9 26.7 -6.4
69.085 120.4 27.7 -6.3
69.528 123.0 28.6 -6.3
69.972 125.5 29.6 -6.2
70.415 127.9 30.5 -6.1
70.858 130.4 31.5 -6.1
71.300 132.8 32.4 -6.0
71.742 135.2 33.3 -5.9
72.184 137.5 34.3 -5.9
72.626 139.8 35.2 -5.8
73.068 142.0 36.1 -5.7
73.509 144.3 37.0 -5.6
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Residual Stresses Cont'd
% Wall Tang. Axial Radial
Thick. Stress Stress Stress
74.391 148.6 38.8 -5.5
74.831 150.7 39.7 -5.4
75.272 152.7 40.5 -5.3
75.712 154.8 41.4 -5.3
76.152 156.7 42.2 -5.2
76.591 158.7 43.1 -5.1
77.031 160.6 43.9 -5.0
77.470 162.4 44.7 -4.9
77.909 164.2 45.5 -4.9
78.348 166.0 46.3 -4.8
78.786 167.7 47.1 -4.7
79.224 169.3 47.9 -4.6
79.662 170.9 48.6 -4.5
80.100 172.5 49.4 -4.4
80.538 174.0 50.1 -4.3
80.976 175.5 50.8 -4.3
81.412 176.9 51.5 -4.2
81.850 178.3 52.2 -4.1
82.286 179.6 52.9 -4.0
82.723 180.8 53.5 -3.9
83.159 182.0 54.2 -3.8
83.595 183.2 54.8 -3.7
84.031 184.3 55.4 -3.6
84.466 185.3 56.0 -3.5
84.902 186.3 56.6 -3.4
85.337 187.3 57.1 -3.3
85.772 188.1 57.6 -3.2
86.206 189.0 58.2 -3.1
86.641 189.7 58.7 -3.0
87.075 190.4 59.1 -3.0
87.509 191.1 59.6 -2.9
87.943 191.7 60.0 -2.8
88.377 192.2 60.5 -2.7
88.810 192.6 60.9 -2.6
89.243 193.0 61.2 -2.5
89.676 193.4 61.6 -2.4
90.108 193.7 61.9 -2.3
90.541 193.9 62.2 -2.2
90.973 194.0 62.5 -2.1
91.405 194.1 62.8 -2.0








































8 .2  
7.8 
7.4
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Residual Stresses Cont'd
% Wall Tang. Axial Radial Shear
Thick. Stress Stress Stress Stress
92.268 194.1 63.3 -1.8 6.7
92.700 194.0 63.5 -1.7 6.2
93.131 193.8 63.6 -1.6 5.8
93.562 193.6 63.8 -1.5 5.4
93.993 193.3 63.9 -1.4 4.9
94.423 192.9 64.0 -1.3 4.4
94.853 192.5 64.1 -1.2 3.9
95.284 191.9 64.1 -1.1 3.4
95.713 191.4 64.1 -1.0 2.9
96.143 190.7 64.1 -0.9 2.3
96.572 190.0 64.1 -0.8 1.7
97.002 189.2 64.0 -0.7 1.2
97.430 188.3 64.0 -0.6 0.6
97.859 187.4 63.8 -0.5 -0.1
98.288 186.4 63.7 -0.4 -0.7
98.716 185.3 63.5 -0.4 -1.4
99.144 184.1 63.3 -0.3 -2.0
99.572 182.9 63.1 -0.2 -2.7
100.00 181.6 62.8 -0.1 -3.4
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Residual Stresses in Zircaloy-4(R) Specimens 
Annealed at 500 C 
(all Stresses in MPa)
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Residual Stresses Cont’d
% Wall Tang. Axial Radial Shear
Thick. Stress Stress Stress Stress
45.692 7.5 -5.7 -1.0 -2.6
46.148 7.5 -5.8 -1.0 -2.4
46.604 7.5 -5.9 -1.0 -2.2
47.060 7.6 -5.9 -1.0 -2.0
47.515 7.6 -6.0 -1.0 - 1 .9
47.970 7.7 -6.1 -1.0 -1.7
48.425 7.8 -6.1 -1.0 -1.5
48.880 7.9 -6.2 -1.0 -1.3
49.335 8.0 -6.2 -1.0 -1.2
49.789 8.1 -6.3 -1.0 -1.0
50.243 8.2 -6.3 -1.0 -0.8
50.696 8.3 -6.3 -1.0 -0.6
51.150 8.4 -6.3 -1.0 -0.5
51.603 8 . 6  -6.4 -1.0 -0.3
52.056 8 . 8  -6.4 -1.0 -0.1
52.509 8.9 -6.4 -1.0 0.1
52.961 9.1 -6.4 -1.0 0.3
53.413 9.4 -6.4 -1.0 0.4
53.866 9.6 -6.4 -1.0 0.6
54.317 9.8 -6.3 -1.0 0.8
54.768 10.1 -6.3 -0.9 1.0
55.220 10.4 -6.2 -0.9 1.1
55.671 10.7 -6.2 -0.9 1.3
56.121 11.0 -6.1 -0.9 1.5
56.572 11.4 -6.0 -0.9 1.7
57.022 11.7 -5.9 -0.9 1.8
57.472 12.1 -5.8 -0.9 2.0
57.922 12.5 -5.7 -0.9 2.2
58.371 12.8 -5.6 -0.9 2.3
58.820 13.2 -5.5 -0.9 2.5
59.270 13.6 -5.3 -0.9 2.7
59.718 13.9 -5.2 -0.9 2.8
60.166 14.3 -5.1 -0.9 3.0
60.615 14.6 -5.0 -0.9 3.1
61.063 15.0 -4.8 -0.9 3.3
61.510 15.3 -4.7 -0.9 3.4
61.958 15.6 -4.6 -0.8 3.6
62.405 15.9 -4.4 -0.8 3.7
62.852 16.2 -4.3 -0.8 3.9
63.299 16.5 -4.2 -0.8 4.0
63.745 16.9 -4.0 -0.8 4.2
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Residual Stresses Cont’d
% Wall Tang. Axial Radial
Thick. Stress Stress Stress
82.286 22.5 2.2 -0.4
82.723 22.4 2.4 -0.3
83.159 22.3 2.5 -0.3
83.595 22.2 2.6 -0.3
84.031 22.1 2.7 -0.3
84.466 22.0 2.8 -0.3
84.902 21.9 2.9 -0.3
85.337 21.8 3.0 -0.3
85.772 21.6 3.1 -0.3
86.206 21.5 3.2 -0.3
86.641 21.3 3.3 -0.2
87.075 21.1 3.4 -0.2
87.509 21.0 3.4 -0.2
87.943 20.8 3.5 -0.2
88.377 20.5 3.6 -0.2
88.810 20.3 3.6 -0.2
89.243 20.1 3.7 -0.2
89.676 19.8 3.8 -0.2
90.108 19.6 3.8 -0.2
90.541 19.3 3.9 -0.2
90.973 19.0 3.9 -0.1
91.405 18.7 4.0 -0.1
91.837 18.4 4.0 -0.1
92.268 18.1 4.0 -0.1
92.700 17.8 4.0 -0.1
93.131 17.4 4.1 -0.1
93.562 17.1 4.1 -0.1
93.993 16.7 4.1 -0.1
94.423 16.3 4.1 -0.1
94.853 15.9 4.1 -0.1
95.284 15.5 4.1 -0.1
95.713 15.1 4.1 0.0
96.143 14.6 4.0 0.0
96.572 14.2 4.0 0.0
97.002 13.7 4.0 0.0
97.430 13.2 4.0 0.0
97.859 12.8 3.9 0.0
98.288 12.3 3.9 0.0
98.716 11.7 3.8 0.0
99.144 11.2 3.7 0.0
99.572 10.7 3.7 0.0
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Strain vs. Inside Radius Data for Light 
Annealed Copper Specimens 
(material removal from inside) 
R u n (l), Run(2 ), Rim(3)
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Light Annealed Copper Specimen. Run f l l
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
0.2736986 -3.6 1 . 0
0.2743956 -7.8 1 .6





0.2785407 -26.2 6 . 8
0.2792255 -28.3 8.3
0.2799087 -31.6 9.0
0.2805902 -33.9 1 0 .1
0.2812701 -36.4 1 1 .0







0.2866510 -52.8 2 0 .6
0.2873166 -55.3 2 1 .6
















0.2984036 - 6 8 .2 48.8
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Light Annealed Copper Specimen. Run f i t  Cont'd











0.3047369 -2 0 .6 90.3
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Light Annealed Copper Specimen. Run (2}
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0






0.2778541 -8.5 8 . 1
0.2785407 -9.3 8.7
0.2792255 - 1 0 .0 1 0 . 1
0.2799087 -1 0 .6 11.5
0.2805902 -11.3 11.5
0.2812701 -11.7 14.0
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Light Annealed Copper Specimen. Run f2! Cnnt'ri
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0.3015868 0 . 0 46.3
0.3022195 5.4 46.9
0.3028508 15.6 47.1
0.3034809 2 1 . 0 47.9
0.3041095 25.3 49.0
0.3047369 30.2 50.5
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Light Annealed Copper Specimen. Run f3I
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
0.2736986 -3.4 0 . 8
0.2743956 -6.7 2 . 1
0.2750908 -9.6 3.5
0.2757843 -12.3 4.6
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Light Annealed Copper Specimen. Run (31 Cont'd









0.3034809 - 1 2 .8 74.0
0.3041095 - 6 . 8 77.5
0.3047369 5.0 82.3
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Residual Stresses in Light Annealed 
Copper Specimens 
(all Stresses in MPa)
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Light Annealed Specimens
% Wall Tang. Axial Radial Effect.
Thick. Stress Stress Stress Stress
0.000 -20.3 -16.6 0 . 0 17.9
1.747 -19.2 -15.6 - 0 .1 16.9
3.489 -18.2 -14.7 - 0 .1 16.0
5.227 -17.2 -13.8 - 0 .2 15.1
6.961 -16.2 -12.9 -0 . 2 14.3
8.689 -15.3 - 1 2 .1 - 0 .2 13.5
10.414 -14.4 -11.4 -0.3 12.7
12.135 -13.6 -10.7 -0.3 11.9
13.852 -12.7 - 1 0 .0 -0.3 1 1 .2
15.564 - 1 2 . 0 -9.4 -0.4 1 0 .6
17.272 - 1 1 .2 - 8 . 8 -0.4 9.9
18.975 -10.5 - 8 .2 -0.4 9.3
20.675 -9.8 -7.7 -0.5 8.7
22.371 -9.1 -7.2 -0.5 8 .2
24.062 -8.4 - 6 . 8 -0.5 7.6
25.750 -7.8 -6.4 -0.5 7.1
27.433 -7.2 -5.9 -0.5 6.7
29.113 -6 . 6 -5.6 -0.5 6 . 2
30.788 -6 . 0 -5.2 - 0 . 6 5.8
32.460 -5.4 -4.8 - 0 .6 5.4
34.128 -4.9 -4.5 - 0 . 6 5.1
35.792 -4.4 -4.2 - 0 .6 4.7
37.451 -3.8 -3.8 - 0 .6 4.5
39.107 -3.3 -3.5 - 0 . 6 4.2
40.760 - 2 . 8 -3.2 - 0 .6 4.0
42.409 -2.3 -2.9 - 0 .6 3.9
44.053 - 1 . 8 -2 . 6 -0 .6 3.8
45.695 -1.3 -2.3 -0 .6 3.8
47.332 - 0 . 8 -2 . 0 -0 .6 3.8
48.966 -0.3 -1.7 - 0 . 6 3.9
50.596 0 . 2 -1.4 - 0 . 6 4.0
52.222 0.7 - 1 . 1 -0 .6 4.2
53.845 1 . 2 - 0 . 8 -0 . 6 4.4
55.465 1.7 -0.4 -0 .6 4.7
57.081 2 . 2 - 0 . 1 - 0 .6 4.9
58.693 2.7 0.3 -0 .6 5.2
60.301 3.2 0.7 - 0 .6 5.6
61.907 3.7 1 .1 - 0 . 6 5.9
63.509 4.2 1.5 - 0 . 6 6
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Residual Stresses Cont’d
% Wall Tang. Axial Radial Effect.
Thick. Stress Stress Stress Stress
65.107 4.8 1.9 -0.6 6.7
66.702 5.3 2.4 -0.6 7.1
68.294 5.9 2.9 -0.5 7.6
69.882 6.4 3.4 -0.5 8.0
71.467 7.0 3.9 -0.5 8.5
73.049 7.6 4.5 -0.5 9.0
74.627 8.2 5.1 -0.5 9.5
76.202 8.9 5.7 -0.5 10.0
77.774 9.5 6.4 -0.4 10.6
79.342 10.2 7.0 -0.4 11.1
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339
Strain vs. Inside Radius Data for 
1/4-Hard Copper Specimens 
(material removal from inside) 
R u n(l), Run(2), Run(3)
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340
1/4-Hard Copper Specimen. Run f l l
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
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342
1/4 Hard Copper Specimen. Run (2)
Inside Rad. Tangential Strain Axial Strain
(in .)






















0.2879805 - 1 0 1 .0 -185.6
0.2886430 -104.9 -194.2
0.2893040 -108.9 -202.7
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1/4-Hard Copper Specimen. Run (21 Cont'd




















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
344
1/4-Hard Copper Specimen. Run f3f
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
0.2736986 -7.3 - 1 0 .0
0.2743956 -14.5 -2 1 .2







0.2799087 -57.1 - 1 0 2 .6
0.2805902 -60.7 - 1 1 1 .1
























0.2971206 -2 0 0 .6 -355.0
0.2977628 -205.2 -362.6
0.2984036 -210.3
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346
Residual Stresses in 1/4-Hard 
Copper Specimens 
(all Stresses in MPa)
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349
Strain vs. Inside Radius Data for 
1/2-Hard Copper Specimens 
(material removal from inside) 
R u n (l), Run(2), Run(3)











































1/2-Hard Copper Specimen. Run 111
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351
1/2-Hard Copper Specimen. Run f lf

















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
352
1/2-Hard Copper Specimen. Run (2)
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 .0 0 . 0
0.2736986 -4.9 -8.9
0.2743956 - 1 0 .8 -2 1 . 8
0.2750908 -13.6 -31.8
0.2757843 -16.8 -42.7
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354
1/2-Hard Copper Specimen. Run (3)
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
0.2736986 -5.5 - 12 .6
0.2743956 - 1 2 .8 -26.1
0.2750908 -17.4 -37.3





















0.2899634 - 1 1 1 .2 -270.8
0.2906213 -116.4 -280.2
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1/2-Hard Copper Specimen. Run (31
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356
Residual Stresses in 1/2-Hard 
Copper Specimens 
(all Stresses in MPa)
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357
1/2-Hard Specimens
% Wall Tang. Axial Radial Effect.
Thick. Stress Stress Stress Stress
0.000 -54.3 -87.5 -0 . 1 48.0
1.747 -52.6 -85.0 - 0 . 2 46.6
3.489 -50.9 -82.3 -0.4 45.3
5.227 -49.1 -79.6 -0.5 43.9
6.961 -47.3 -76.8 -0 . 6 42.6
8.689 -45.4 -73.9 -0.7 41.2
10.414 -43.5 -70.9 - 0 . 8 39.9
12.135 -41.6 -67.9 -0.9 38.6
13.852 -39.6 -64.8 - 1 . 0 37.3
15.564 -37.6 -61.7 - 1 .1 36.1
17.272 -35.6 -58.5 - 1 .2 34.9
18.975 -33.6 -55.2 -1.3 33.8
20.675 -31.5 -52.0 -1.4 32.8
22.371 -29.5 -48.7 -1.4 31.9
24.062 -27.4 -45.3 -1.5 31.0
25.750 -25.3 -42.0 - 1 . 6 30.2
27.433 -23.3 -38.6 - 1 . 6 29.6
29.113 -2 1 .2 -35.3 -1.7 29.0
30.788 -19.1 -31.9 -1.7 28.6
32.460 -17.0 -28.5 -1.7 28.3
34.128 -14.9 -25.1 - 1 . 8 28.1
35.792 -12.9 -2 1 .8 - 1 . 8 28.0
37.451 - 1 0 .8 -18.4 - 1 . 8 28.1
39.107 - 8 . 8 -15.1 - 1 . 8 28.2
40.760 -6.7 - 1 1 .8 -1.9 28.5
42.409 -4.7 - 8 .6 -1.9 28.9
44.053 -2.7 -5.3 -1.9 29.4
45.695 - 0 . 8 -2 . 1 -1.9 30.0
47.332 1 .2 1 .0 -1.9 30.6
48.966 3.1 4.1 -1.9 31.3
50.596 5.0 7.1 - 1 . 8 32.1
52.222 6.9 1 0 .1 - 1 . 8 32.9
53.845 8.7 13.1 -1 . 8 33.7
55.465 10.5 15.9 -1 . 8 34.6
57.081 12.3 18.7 -1.7 35.5
58.693 14.0 21.5 -1.7 36.4
60.301 15.7 24.1 -1.7 37.3
61.907 17.4 26.7 - 1 . 6 38.2
63.509 19.0 29.2 - 1 . 6 39
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358
Residual Stresses Cont'd
% Wall Tang. Axial Radial Effect.
Thick. Stress Stress Stress Stress
65.107 20.5 31.6 - 1 . 6 40.0
66.702 2 2 . 1 33.9 -1.5 40.9
68.294 23.5 36.2 -1.5 41.8
69.882 25.0 38.3 -1.4 42.6
71.467 26.3 40.3 -1.3 43.4
73.049 27.7 42.2 -1.3 44.2
74.627 28.9 44.1 - 1 . 2 44.9
76.202 30.1 45.8 - 1 .2 45.6
77.774 31.3 47.4 - 1 . 1 46.3
79.342 32.4 48.8 - 1 . 0 46.9
80.908 33.4 50.2 - 1 . 0 47.5
82.470 34.4 51.4 -0.9 48.0
84.029 35.3 52.6 - 0 . 8 48.5
85.584 36.2 53.5 -0.7 49.0
87.137 37.0 54.4 -0.7 49.3
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359
Strain vs. Inside Radius Data 
for Hard Copper Specimens 
(material removal from inside) 
R u n (l), Run(2), Run(3)
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360
Hard Copper Specimen. Run (11
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 . 0 0 . 0
0.2736986 -2 . 0 -16.8
0.2743956 -4.6 -30.9
0.2750908 -7.8 -44.4
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362
Hard Copper Specimen. Run (21
Inside Rad. Tangential Strain Axial Strain
(in .)









0.2792255 -15.9 - 1 2 1 .8
0.2799087 -17.9 -134.4
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Hard Copper Specimen. Run f21 Cont'd
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Hard Copper Specimen. Run (31
Inside Rad. Tangential Strain Axial Strain
(in .)
0.2730000 0 .0 0 .0
0.2736986 - 2 .0 -17.5
0.2743956 -4.1 -33.6
0.2750908 - 6 .8 -49.0
0.2757843 -9.4 -64.6
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Hard Copper Specimen. Run (3) Cont'd
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366
Residual Stresses in Hard 
Copper Specimens 
(all Stresses in MPa)
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367
Hard Specimens
% Wall Tang. Axial Radial Effect.
Thick. Stress Stress Stress Stress
0 .0 0 0 -38.6 -138.8 - 0 .1 33.9
1.747 -39.8 -131.6 - 0 .2 35.2
3.489 -40.7 -124.7 -0.3 36.5
5.227 -41.5 -118.0 -0.4 37.6
6.961 -42.0 -111.4 -0.5 38.7
8.689 -42.4 -105.0 - 0 .6 39.6
10.414 -42.5 -98.8 -0.7 40.4
12.135 -42.5 -92.8 - 0 .8 41.1
13.852 -42.3 -86.9 -0.9 41.6
15.564 -41.9 -81.2 - 1 .0 42.1
17.272 -41.4 -75.7 - 1 .1 42.5
18.975 -40.7 -70.3 - 1 .2 42.7
20.675 -39.9 -65.0 -1.3 42.9
22.371 -38.9 -59.9 -1.4 43.0
24.062 -37.8 -54.9 -1.5 43.1
25.750 -36.6 -50.1 - 1 .6 43.1
27.433 -35.2 -45.4 -1.7 43.0
29.113 -33.7 -40.8 -1.7 42.9
30.788 -32.1 -36.4 - 1 .8 42.8
32.460 -30.5 -32.0 -1.9 42.6
34.128 -28.7 -27.8 -1.9 42.4
35.792 -26.8 -23.7 -2 .0 42.2
37.451 -24.8 ' -19.7 -2 .1 42.1
39.107 -2 2 .8 -15.8 -2 .1 41.9
40.760 -2 0 .6 - 1 2 .0 -2 .1 41.8
42.409 -18.5 -8.3 -2 .2 41.7
44.053 -16.2 -4.7 -2 .2 41.7
45.695 -13.9 - 1 .1 -2.3 41.7
47.332 -11.5 2.3 -2.3 41.8
48.966 -9.0 5.7 -2.3 41.9
50.596 - 6 .6 8.9 -2.3 42.2
52.222 -4.0 1 2 .1 -2.3 42.5
53.845 -1.5 15.3 -2.3 42.9
55.465 1 .1 18.4 -2.3 43.5
57.081 3.8 21.4 -2.3 44.1
58.693 6.4 24.3 -2.3 44.8
60.301 9.1 27.2 -2.3 45.5
61.907 1 1 .8 30.0 - 2 .2 46.4
63.509 14.5 32.8 - 2 .2 47
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370
Simulation : 10.9% Reduction. Die=22.5. Pluff=17.5
Steady-State Drawing Stress : 63 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -182.0 -172.0 0 .0 0 0 0.349
6.3 1.9 -194.0 -173.0 -0.500 0.337
18.8 -2.4 -232.0 -175.0 1.700 0.333
31.3 -4.9 -2 1 0 .0 -97.0 4.300 0.347
43.8 -9.3 -83.0 -18.0 2.300 0.363
56.3 -8.9 190.0 8 6 .0 1.500 0.357
6 8 .8 -4.2 157.0 89.0 1.500 0.328
81.3 -0.9 104.0 65.0 2.800 0.273
93.4 -0.4 60.0 46.0 1.550 0.247
1 0 0 . 0 .0 47.0 40.0 0 .0 0 0 0.233
Simulation: 10.9% Reduction. Die=22.5. Pluff=15.0
Steady-State Drawing Stress: 56 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -300.0 -240.0 1.500 0.327
6.3 -2.5 -300.0 -234.0 1.500 0.309
18.8 -4.5 -284.0 -150.0 3.800 0.318
31.3 -8.3 -123.0 -80.0 0 .0 0 0 0.330
43.8 -9.3 2 .0 1 .0 -0.500 0.334
56.3 -8.4 163.0 53.3 0.500 0.329
6 8 .8 -3.1 208.0 77.0 0.650 0.306
81.3 - 1 .1 161.0 71.0 . -0.300 0.248
93.4 - 0 .1 118.0 53.0 -0.150 0.215
1 0 0 . 0 .0 105.0 47.0 - 0 .1 0 0 0.203
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Simulation: 10.9% Reduction. Die=22.5. Plug=12.5
Steady-State Drawing Stress : 48 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -285.0 -195.0 0 .2 0 0 0.301
6.3 - 1 .0 -276.0 -184.0 0.250 0.276
18.8 -9.0 -172.0 -106.0 0.730 0.287
31.3 4.5 -91.0 -63.0 1.500 0.292
43.8 6 .8 -15.0 - 1 0 .0 1.500 0.288
56.3 3.4 75.0 2 0 .2 2 .0 0 0 0.282
6 8 .8 - 0 .1 187.0 54.0 0.600 0.278
81.3 -0 .1 158.0 63.0 0.400 0.234
93.4 -0 .1 118.0 50.0 -0.400 0.192
1 0 0 . 0 .0 106.0 46.0 -0.400 0.190
Simulation: 10.9% Reduction. Die=15.0. Pluff=12.5
Steady-State Drawing Stress: 54 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -280.0 -2 2 0 .0 0 .0 0 0 0.358
6.3 -4.0 -279.0 -209.0 0.250 0.340
18.8 -2.9 -275.0 -148.0 0.500 0.308
31.3 - 6 .2 -119.0 -55.0 -0.500 0.308
43.8 -5.3 40.0 1 0 .0 -1.500 0.318
56.3 -4.1 191.0 73.2 -3.000 0.311
6 8 .8 -3.6 176.0 97.0 -4.100 0.280
81.3 -2 .1 127.0 79.0 -2.700 0.225
93.4 - 0 .8 92.0 65.0 -0.250 0.205
1 0 0 . 0 .0 81.0 60.0 0 .0 0 0 0.196




% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -310.0
6.3 - 1 .8 -307.0




6 8 .8 -4.9 208.0
81.3 -3.0 167.0
93.4 -0 . 8 134.0
1 0 0 . 0 .0 124.0













81.0 -2.900 0 .2 1 2




% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -270.0 -160.0 0.000 0.223
6.3 -2.5 -261.0 -154.0 0.000 0.216
18.8 1 .0 -190.0 -87.0 -0.300 0.218
31.3 -2.3 -128.0 -59.0 -3.70 0.214
43.8 -3.0 -56.0 -18.0 -4.200 0.223
56.3 - 2 .0 78.0 25.7 -4.900 0.234
6 8 .8 -3.1 182.0 64.0 -4.800 0.232
81.3 -1.7 176.0 79.0 -3.200 0.214
93.4 0 .0 148.0 70.0 - 1 .1 0 0 0.174
1 0 0 . 0 .0 138.0 6 6 .0 0.000 0.170
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Simulation: 20.7% Reduction. Die=22.5. Plug=17.5
Steady-State Drawing Stress: 87 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -240.0 -190.0 0 .0 0 0 0.522
6.3 -2 .0 -257.0 -188.0 - 1 .0 0 0 0.502
18.8 -7.8 -286.0 -181.0 0.300 0.447
31.3 -13.3 -134.0 -47.0 1.800 0.421
43.8 -7.3 163.0 77.0 1.800 0.409
56.3 -4.3 183.0 1 1 0 .0 -0.500 0.393
6 8 .8 -2.3 144.0 104.0 -1 .2 0 0 0.375
81.3 -1.7 98.0 85.0 -1.300 0.348
93.4 -1.3 46.0 64.0 -0.800 0.319
1 0 0 . 0 .0 2 0 .0 55.0 0 .0 0 0 0.310
Simulation: 20.7% Reduction. Die=22.5. Plug=15.Q 
Steady-State Drawing Stress: 79 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -383.0 -271.0 0.000 0.492
6.3 -4.2 -382.0 -270.0 0.250 0.470
18.8 2.4 -298.0 -135.0 -2.500 0.431
31.3 -8.5 -31.0 -39.0 0.000 0.402
43.8 -13.0 109.0 23.0 -2 .0 0 0 0.390
56.3 -7.6 171.0 63.0 -0.500 0.374
6 8 .8 -2 .2 174.0 83.0 2 .0 0 0 0.351
81.3 -3.5 128.0 74.0 -0.800 0.332
93.4 -0.3 76.0 61.0 0.000 0.314
1 0 0 . 0 .0 60.0 57.0 0.000 0.305
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Simulation: 20.7% Reduction. Die=22.5. Plug=12.5
Steady-State Drawing Stress: 71 MPa
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -360.0
6.3 - 2 .1 -337.0
18.8 -9.8 -150.0
31.3 -2.3 -52.0
43.8 1 .2 61.0
56.3 -1.5 127.0
6 8 .8 -4.1 130.0
81.3 -3.1 1 1 1 .2
93.4 -3.9 6 8 .0
1 0 0 . 0 .0 50.0
Tang. Shear Eff. p;
Stress Stress Strain
- 2 2 0 .0 0 .0 0 0 0.403
-204.0 0.250 0.392
-85.0 0.250 0.386






45.0 0 .0 0 0 0.319
Simulation: 20.7% Reduction. Die=15.0. Plug=12.5
Steady-State Drawing Stress: 78 MPa
% Wall Radial Axial Tang. Shear Eff. p:
Thick. Stress Stress . Stress Stress Strain
0 .0 0 .0 -285.0 -236.0 0 .0 0 0 0.450
6.3 - 0 .2 -299.0 -227.0 2 .2 0 0 0.432
18.8 -12.5 -320.0 -196.0 7.300 0.418
31.3 -17.0 -186.0 -93.0 -2 .0 0 0 0.402
43.8 -18.0 48.0 - 6 .0 -7.500 0.398
56.3 -13.3 205.0 6 8 .0 -2.800 0.390
6 8 .8 -5.1 198.0 94.0 2.900 0.366
81.3 -1.4 163.0 83.0 4.500 0.321
93.4 -0.9 134.0 69.0 2.400 0.298
1 0 0 . 0 .0 125.0 65.0 0 .0 0 0 0.295
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Simulation: 20.7% Reduction. Die=15.Q. Plug=10.0
Steady-State Drawing Stress: 65 MPa
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 . 0 -355.0
6.3 - 2 .1 -349.0
18.8 -6.5 -306.0
31.3 -7.8 -108.0
43.8 - 6 .0 0 .0
56.3 -5.5 152.0
6 8 .8 -4.4 205.0
81.3 -3.3 185.0
93.4 - 1 .1 163.0
1 0 0 . 0 .0 150.0
Tang. Shear Eff. p:
Stress Stress Strain




0 .0 0.300 0.348
56.0 0.800 0.336
73.0 1.300 0.319
83.0 0 .2 0 0 0.297
78.0 - 0 .1 0 0 0.282
75.0 0 .0 0 0 0.280
Simulation: 20.7% Reduction. Die=15.0. Plug=7.5 
Steady-State Drawing Stress: 67 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -355.0 -2 0 0 .0 0 .0 0 0 0.407
6.3 - 1 .0 -350.0 -194.0 0.500 0.394
18.8 -9.5 -182.0 -76.0 -3.300 0.380
31.3 0 .0 -79.0 -29.0 -0.300 0.354
43.8 1.3 -0 .0 0 .0 0.500 0.339
56.3 0.5 73.0 32.0 0.500 0.327
6 8 .8 1 .2 173.0 75.0 0.300 0.318
81.3 0 .1 177.0 1 0 1 .0 2.300 0.312
93.4 - 0 .1 142.0 1 0 0 .0 0.800 0.313
1 0 0 . 0 .0 125.0 1 0 0 .0 0 .0 0 0 0.316
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Simulation: 29.4% Reduction. Die=22.5. Pluer=17.5
Steady-State Drawing Stress: 122 MPa
% Wall Radial Axial
Thick. Stress Stress




43.8 -5.3 2 1 1 .0
56.3 -5.2 154.0
6 8 .8 -0.3 97.0
81.3 0 .8 40.0
93.4 1.9 -3.0
1 0 0 . 0 .0 -2 0 .0
Tang. Shear Eff. p:
Stress Stress Strain
-233.0 0 .0 0 0 0.740
- 2 2 2 .0 0.400 0.726
-184.0 0.500 0 .6 6 6
16.0 0.300 0.639
1 0 0 .0 -0.300 0.622




40.0 0 .0 0 0 0.548
Simulation: 29.4% Reduction. Die=22.5. Plug=15.0 
Steady-State Drawing Stress: 112 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -421.0 -285.0 0 .0 0 0 0.609
6.3 -3.5 -417.0 -279.0 -0.400 0.594
18.8 - 1 1 .8 -308.0 -143.0 2.500 0.556
31.3 - 8 .8 -32.0 -27.0 -1.800 0.522
43.8 -9.4 97.0 30.0 -2 .0 0 0 0.491
56.3 - 6 .0 2 0 1 .0 84.0 -1.500 0.464
6 8 .8 -4.3 193.0 1 0 0 .0 -0.800 0.443
81.3 - 0 .6 132.0 89.0 -1.300 0.426
93.4 0 .1 78.0 73.0 - 1 .0 0 0 0.413
1 0 0 . 0 .0 60.0 65.0 0 .0 0 0 0.407
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Simulation: 29.4% Reduction. Die=22.5. Plug=12.5
Steady-State Drawing Stress: 110 MPa
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -415.0
6.3 - 2 .8 -411.2
18.8 -5.3 -172.0
31.3 -3.3 -2 0 .0
43.8 -5.0 56.0
56.3 -1.9 131.0
6 8 .8 -2.3 163.0
81.3 -0.9 127.0
93.4 1 .0 76.0
1 0 0 . 0 .0 60.0












Simulation: 29.4% Reduction. Die=15.0. Plug=12.5 
Steady-State Drawing Stress: 114 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -332.0 -230.0 0 .0 0 0 0.552
6.3 -0.5 -334.0 -223.0 0 .0 0 0 0.536
18.8 -8.7 -335.0 -163.0 - 0 .1 0 0 0.519
31.3 -9.9 -126.0 -49.0 -2.300 0.513
43.8 -7.6 1 1 1 .2 42.0 0.500 0.512
56.3 - 6 .0 215.0 108.0 0.300 0.504
6 8 .8 -6.4 176.0 118.0 -2 .1 0 0 0.478
81.3 -3.3 140.0 1 0 2 .0 0.300 0.438
93.4 -0.03 96.0 8 6 .0 1.300 0.425
1 0 0 . 0 .0 80.0 80.0 0 .0 0 0 0.420
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Simulation: 29.4% Reduction. Die=15.0. Plug=10.0
Steady-State Drawing Stress: 108 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -410.0 -263.0 0 .0 0 0 0.543
6.3 -2 .6 -405.0 -257.0 0.300 0.525
18.8 - 6 .8 -348.0 -142.0 2 .0 0 0 0.515
31.3 -4.0 -96.0 -34.0 0.300 0.498
43.8 -7.9 57.0 2 1 .0 -3.500 0.488
56.3 -7.6 207.0 87.0 -2.800 0.477
6 8 .8 -5.7 205.0 114.0 0.600 0.459
81.3 -3.0 176.0 117.0 1 .1 0 0 0.414
93.4 -2.4 137.0 104.0 0.300 0.374
1 0 0 . 0 .0 124.0 1 0 0 .0 0 .0 0 0 0.374
Simulation: 29.4% Reduction. Die=15.0. Plug=7.5 
Steady-State Drawing Stress: 111 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -408.0 -240.0 0 .0 0 0 0.537
6.3 -2.9 -400.0 -232.0 1 .2 0 0 0.524
18.8 -4.7 -231.0 -92.0 0.500 0.507
31.3 -5.8 -104.0 -39.0 -0.500 0.493
43.8 -7.4 - 0 .0 -0 .0 -1.800 0.489
56.3 -7.9 139.0 53.0 -0.500 0.485
6 8 .8 -4.1 2 0 1 .0 98.0 1.400 0.473
81.3 -2.9 190.0 116.0 0.400 0.457
93.4 -2 .1 144.0 108.0 -0.800 0.452
1 0 0 . 0 .0 125.0 105.0 -0.800 0.450
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Simulation: 37.1% Reduction. Die=22.5. Plug=20.0
Steady-State Drawing Stress: 169 MPa
% Wall Radial Axial Tang. Shear Eff. p:
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 - 1 0 2 .0 -139.0 0 .0 0 0 0.765
6.3 -4.1 -130.0 -150.0 0 .1 0 0 0.750
18.8 - 1 0 .0 -223.0 -187.0 -5.000 0.684
31.3 - 6 .8 1 0 .0 8 .0 2.500 0.640
43.8 - 1 .0 145.0 1 0 1 .0 -1.500 0.621
56.3 2 .0 97.0 83.0 2 .0 0 0 0.616
6 8 .8 -2 .0 57.0 64.0 0.500 0.621
81.3 - 2 .0 0 .0 43.0 -0.500 0.626
93.4 2 .8 -42.0 31.0 - 1 .0 0 0 0.609
1 0 0 . 0 .0 -55.0 27.0 0 .0 0 0 0.614
Simulation: 37.1% Reduction. Die=22.5. Plug=17.5 
Steady-State Drawing Stress: 158 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -260.0 -233.0 0 .0 0 0 0.740
6.3 -4.3 -280.0 - 2 2 2 .0 0.400 0.726
18.8 -4.0 -312.0 -184.0 0.500 0 .6 6 6
31.3 -4.0 61.0 16.0 0.300 0.639
43.8 -5.3 2 1 1 .0 1 0 0 .0 -0.300 0.622
56.3 -5.2 154.0 1 0 0 .0 0.300 0.605
6 8 .8 -0.3 97.0 84.0 -0.500 0.587
81.3 0 .8 40.0 60.0 -2.300 0.574
93.4 1.9 -3.0 47.0 -1.300 0.561
1 0 0 . 0 .0 - 2 0 .0 40.0 0 .0 0 0 0.548
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Simulation; 37.1% Reduction. Die=22.5. Plug=15.0
Steady-State Drawing Stress: 160 MPa
% Wall Radial Axial
Thick. Stress Stress






6 8 .8 0 .0 151.0
81.3 - 1 .0 1 0 0 .0
93.4 -1.3 55.0
1 0 0 . 0 .0 40.0
Simulation; 37.1% Reduction. 
Steady-State Drawing Stress
Tang. Shear Eff. p:
Stress Stress Strain
-290.0 0 .0 0 0 0.725
-283.0 0.300 0.710
-168.0 -2 .0 0 0 0.672
5.0 0.500 0.656
74.0 3.800 0.633
1 0 1 .0 1.300 0.608
1 0 2 .0 -0.800 0.587
89.0 -2.500 0.569
71.0 -1.500 0.563
62.0 0 .0 0 0 0.561
Die=22.5. Plug=12.5 
162 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -440.0 -280.0 0 .0 0 0 0.711
6.3 -2 . 0 -437.0 -272.0 -0.300 0.694
18.8 -9.8 -225.0 -103.0 -4.500 0.664
31.3 -8.4 -2 .0 -3.0 1.500 0.648
43.8 -1.3 96.0 38.0 2.300 0.632
56.3 0.3 168.0 78.0 1.500 0.617
6 8 .8 -5.0 161.0 93.0 -0.800 0.600
81.3 -3.5 1 2 1 .0 91.0 - 1 .0 0 0 0.583
93.4 - 1 .8 74.0 81.0 0.800 0.576
1 0 0 . 0 .0 60.0 75.0 0 .0 0 0 0.573
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Simulation: 37.1% Reduction. Die=20.0. Plug=17.5
Steady-State Drawing Stress: 162 MPa
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -150.0
6.3 2 .0 -185.0
18.8 -9.8 -255.0
31.3 - 8 .8 61.0
43.8 3.3 182.0
56.3 -2 .8 1 1 1 .0
6 8 .8 -2.3 60.0
81.3 - 1 .8 19.0
93.4 -0.3 -2 1 .0
1 0 0 . 0 .0 -40.0
Simulation: 37.1% Reduction. 
Steady-State Drawing Stress
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -367.0





6 8 .8 -2 .8 136.0
81.3 -2 .2 85.0
93.4 -2.5 33.0
1 0 0 . 0 .0 1 0 .0
Tang. Shear Eff. P]
Stress Stress Strain
-160.0 0 .0 0 0 0.735
-171.0 2.900 0.722
-195.0 2 .0 0 0 0.664
2 1 .0 -3.800 0.630
114.0 2.500 0.614
92.0 -0.700 0.608
71.0 -2 .2 0 0 0.608
51.0 -2 .0 0 0 0.609
38.0 -1.500 0.589
30.0 0 .0 0 0 0.594
Die=20.0. Plug=15.Q 
153 MPa
Tang. Shear Eff. P
Stress Stress Strain
-260.0 0 .0 0 0 0.714
-253.0 -1.900 0.701
-172.0 1.800 0.656
6 .0 2.500 0.637
77.0 1.800 0.617
1 1 0 .0 1.800 0.597
1 0 1 .0 - 1 .2 0 0 0.577
82.0 -2.800 0.563
62.0 - 2 .0 0 0 0.559
52.0 0 .0 0 0 0.556
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Simulation: 37.1% Reduction. Dip-=20.0. Plug=12.5
Steady-State Drawing Stress: 158 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -438.0 -292.0 0 .0 0 0 0.707
6.3 -2.4 -435.0 -286.0 - 0 .2 0 0 0.691
18.8 - 2 . 8 -288.0 -128.0 0.500 0.663
31.3 -6.5 0 .0 0 .0 0.300 0.648
43.8 - 6 .1 148.0 59.0 -1.500 0.634
56.3 -6.7 189.0 93.0 -3.000 0.616
6 8 .8 -6.4 151.0 99.0 - 1 .0 0 0 0.598
81.3 - 1 .0 1 1 0 .0 96.0 2.500 0.584
93.4 -3.2 6 8 .0 82.0 1.800 0.582
1 0 0 . 0 .0 48.0 75.0 0 .0 0 0 0.580
Simulation: 37.1% Reduction. Die=17.5. Plug=15.0 
Steady-State Drawing Stress: 158 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -268.0 -233.0 0 .0 0 0 0.692
6.3 -2.5 -278.0 - 2 2 0 .0 - 1 .0 0 0 0.679
18.8 0.3 -303.0 -176.0 -0.800 0.636
31.3 -7.0 -7.0 -4.0 7.000 0.620
43.8 -13.5 189.0 8 8 .0 -2.300 0.612
56.3 - 8 .8 152.0 1 0 1 .0 -2.800 0.604
6 8 .8 - 1 .0 1 1 0 .0 90.0 -0.800 0.596
81.3 -0.5 6 8 .0 71.0 -0.300 0.586
93.4 1 .8 19.0 56.0 0.300 0.564
1 0 0 . 0 . 0 0 .0 50.0 0 .0 0 0 0.560
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Simulation: 37.1% Reduction. Die=17.5. Plug-=19-fi
Steady-State Drawing Stress: 153 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 .0 -415.0 -280.0 0 .0 0 0 0 .6 8 8
6.3 -4.2 -410.0 -274.0 2.600 0.675
18.8 -6.5 -317.0 -141.0 2.500 0.646
31.3 -7.5 -2 1 .0 -14.0 -2 .1 0 0 0.632
43.8 -7.1 161.0 61.0 -3.800 0.617
56.3 -3.0 205.0 105.0 -1.800 0.603
6 8 .8 0 .6 156.0 1 1 0 .0 0.500 0.586
81.3 0 .8 109.0 96.0 1.800 0.573
93.4 0.5 63.0 79.0 1.300 0.572
1 0 0 . 0 .0 45.0 72.0 0 .0 0 0 0.570
Simulation: 37.1% Reduction. Die=17.5. Plug=10.0 
Steady-State Drawing Stress: 160 MPa
% Wall Radial Axial Tang. Shear Eff. Plastic
Thick. Stress Stress Stress Stress S t r a in
0 .0 0 .0 -440.0 -275.0 0 .0 0 0 0.683
6.3 -2.9 -435.0 -269.0 - 0 .1 0 0 0.671
18.8 0 .2 -271.0 - 1 2 2 .0 2.300 0.649
31.3 -0.5 -35.0 -18.0 2 .0 0 0 0.633
43.8 -4.8 106.0 42.0 -0.300 0.623
56.3 -9.1 180.0 83.0 - 2 .0 0 0 0.613
6 8 .8 -5.5 180.0 104.0 -1.300 0.602
81.3 -2.7 132.0 104.0 - 1 .2 0 0 0.594
93.4 -2.4 8 6 .0 92.0 -1.300 0.593
1 0 0 . 0 .0 60.0 8 6 .0 0 .0 0 0 0.592
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Simulation: 37.1% Reduction. Die=15.0. Plug=12.5
Steady-State Drawing Stress: 152 MPa
% Wall Radial Axial
Thick. Stress Stress
0 .0 0 .0 -360.0
6.3 0.3 -351.0
18.8 - 1 1 .0 -328.0
31.3 - 1 2 .0 -54.0
43.8 - 8 .8 178.0
56.3 -1.3 199.0
6 8 .8 0 .0 138.0
81.3 -0.5 1 0 0 .0
93.4 - 1 .8 71.0
1 0 0 . 0 .0 60.0
Tang. Shear Eff. p:
Stress Stress Strain
-260.0 0.000 0.672






8 8 .0 1.300 0.558
77.0 -0.300 0.549
72.0 0.000 0.545
Simulation: 37.1% Reduction. Die=15.0. Plug=10.0 
Steady-State Drawing Stress: 154 MPa
% Wall Radial Axial Tang. Shear Eff. P
Thick. Stress Stress Stress Stress Strain
0 .0 0 . 0 -435.0 -277.0 0 .0 0 0 0 .6 6 6
6.3 -2 . 8 -431.0 -273.0 0.300 0.654
18.8 -3.5 -281.0 -116.0 -3.500 0.632
31.3 -7.8 -48.0 -25.0 1.300 0.619
43.8 -8.5 118.0 39.0 1.500 0.611
56.3 -7.2 197.0 93.0 1.500 0.605
6 8 .8 - 8 .6 170.0 109.0 1.300 0.596
81.3 -7.3 128.0 103.0 2 .0 0 0 0.588
93.4 -6 .0 92.0 89.0 - 1 .0 0 0 0.591
1 0 0 . 0 .0 80.0 82.0 0 .0 0 0 0.593
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Simulation: 37.1% Reduction. Die=15.0. Plug=7.5
Steady-State Drawing Stress
% WaU Radial Axial
Thick. Stress Stress
0 .0 0 .0 -435.0
6.3 -2 .0 -429.0
18.8 -7.3 -2 2 2 .0
31.3 -8.3 -74.0
43.8 -12.5 55.0
56.3 - 8 .8 165.0
6 8 .8 -6.3 191.0
81.3 - 1 .8 151.0
93.4 -2 .1 106.0
1 0 0 . 0 .0 93.0
159 MPa
Tang. Shear Eff. p:
Stress Stress Strain
-260.0 0 .0 0 0 0.673





1 0 2 .0 -2.500 0.604
108.0 -0.800 0.600
98.0 0.800 0.601
95.0 0 .0 0 0 0.603
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